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 We have developed a compact micro total analysis system (µTAS) to serve as 

a platform for in-situ spectrophotometric water quality monitoring. Individual fluidic, 

optical, and electrical components were designed, developed, and characterized. These 

components were combined in both an integrated (single lithographic “chip-based” 

platform) and a modular manner. The microfluidic components include a modular 

microfabricated filter chip, a miniature reagent storage bag, an integrated micromixer 

& absorbance flow cell, and modular micropumps. Optical and electrical components 

include a miniature spectrometer, a white LED, fiber optics, SMA fiber couplers, a 

processor, motor & LED drivers, spectrometer circuitry, EEPROM memory, and AAA 

batteries. Both a partial (fluidics but not all optics or electronics) and complete system 

were tested in the laboratory, by determining total iron (1,10-orthophenanthroline 

method), with environmental and surrogate samples. These measurements compared 

well to results from the same samples measured with a benchtop (cuvette and 

spectrometer) system (calibration slopes 3.4 x 10-3 AU/µM; 10% difference for an 

environmental sample). For the complete µTAS, the detection limit for iron in the 

laboratory samples was estimated to be 1 µM. For the partial system, the RSD of the 



 

 

absorbance of a 38.4 µM standard was 2.8% (n = 13) and the estimated detection limit 

for a wetland sample was 2 µM. To demonstrate the utility of the device, a 

groundwater monitoring well, designed both for environmental sampling and device 

deployment, was installed in a seasonally wet prairie to measure iron. The device was 

deployed in the well and samples were taken to verify system performance. Due to a 

software malfunction, the device batteries were drained after 2.5 days of operation. 

During this time the device performed adequately, although all iron levels were below 

the detection limits of both the µTAS and the benchtop system. This work is the first 

demonstration of an in-situ µTAS for water quality monitoring, the first microfluidic 

measurement of environmental iron, the first use of an internal dye standard to 

determine the dilution factor, and one of the smallest complete µTAS developed thus 

far. 
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Chapter 1:  

Introduction 
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Instruments for in-situ water quality monitoring are being developed 

commercially and in academia due to both to advances in technology and a growing 

need to understand natural process and anthropogenic effects (on the environment and 

public health). In-situ instruments can be distinguished from benchtop instruments in 

that they are designed to be inside the sample. These instruments are robust in the 

sense that they can be waterproof, able to operate at extreme temperatures, designed to 

be in motion/moved, and used by operators with less training. The cost of these 

benefits is often some accuracy and precision when compared to a benchtop 

instrument.  

In-situ instruments can largely be classified as ‘active’ or ‘passive’ where 

active instruments often require a chemical reaction, analyte transport (beyond 

diffusion), and detection is often indirect or performed on a derivative of the analyte. 

Conversely, passive instruments are mostly ‘solid state’ (e.g., fiber optic probes) and 

determine the analyte more directly (e.g., ion selective electrodes). While passive 

instruments are generally less complex, active instruments can be used to determine 

more analytes, many of which are critical in environmental monitoring (e.g.; many 

nutrients), but for which no passive instrument exists. Additionally active, in-situ 

instruments are generally more stable. They are more amenable to calibration or some 

form of reference measurement, and because active in-situ instruments usually require 

fluid flow and are less dependent on surface interactions, they are less susceptible to 

biofouling.  
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In-situ monitoring can allow higher frequency monitoring, and results can be 

less biased due to sampling, storage, or operator error. In part this is due to the often 

autonomous nature of in-situ instruments, but primarily it is because the instrument is 

within the sample and the analysis takes place very close (in space and time) to the 

sample. In-situ instruments also permit the possibility of vast monitoring networks that 

can map chemical changes in space and time. In-situ instruments must perform in 

environmental sampling situations where conditions (temperature, salinity, particle 

load, etc.) are in constant flux with larger dynamic ranges than experienced in the 

laboratory. In-situ instruments are limited by size, reagent volume, and power. 

Generally, devices consist of small, commercial, fluidic components (valves, fittings, 

pumps, etc.) that are connected with tubing.1 Complete device size for commercial 

instruments can range from handheld for passive measurements to sizes comparable to 

benchtop instruments if chemical reactions must be performed. 

Advancements in microfluidics and microfabrication that allow fluidic 

components (e.g., mixers, pumps, valves, etc.) to be manufactured with micrometer 

dimensions has led to the development of many micro total analysis systems (µTAS ) 

which seek the integration of all analysis steps,2 sampling, sample preparation, and 

detection, into a miniaturized and primarily microfabricated device.3-7 These 

microfluidic instruments are generally characterized by microfabricated “chips” that 

are either integrated (combined on a single lithographic platform) or modular 

(interconnected combinations chips). In addition to the microchips, the systems have 

additional fluidic and other interfaced components (tubing, electrodes, optics) which 
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can be somewhat integrated with the microfluidic chip but are generally connected to 

classic benchtop equipment such as pumps, electronics, and optical systems. However, 

even if the devices are not completely miniaturized to take advantage of the small size 

of microfluidic chips, µTAS still have several advantages over ‘macroscale’ 

instruments.  

Microfluidics, and hence, µTAS are naturally suited for field and in-situ water 

quality monitoring. Integration of steps (fluidic operations) and components along 

with micrometer dimensions result in much smaller analysis volumes. The micrometer 

dimensions also minimize diffusion distances leading to enhancements for mass-

transfer driven processes like mixing and separations. Smaller volumes and more rapid 

analysis times can lead to less power consumption, reagent consumption, and less 

production of often hazardous waste. This allows for longer deployments, a lower 

probability for fouling, and of course, much smaller device size. Miniaturized 

instruments have less impact and can be deployed in more varied and difficult 

sampling situations (e.g., groundwater monitoring wells or submersibles). Devices are 

also often thought of as disposable which has advantages for mass distribution of 

inexpensive instruments and vast, low-impact, monitoring networks.   

 However, the field of microfluidics has not fully matured to develop µTAS 

that are fully reliable, autonomous, or miniaturized enough to be used in submersible, 

in-situ applications and hence the concept has not been adopted commercially.  In part 

this is due to the challenge of applying microfluidics to water quality monitoring. 

Microfluidic systems must be able to autonomously perform an entire analysis and to 
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do so reproducibly over extended time periods. Chips can not clog or foul and 

micropumps must be stable and have long lifetimes. Untreated samples and fluctuating 

conditions require that the instruments be robust and capable of handling untreated 

samples. Methods must be relatively insensitive to factors such as sample ionic 

strength, temperature, pH, particle load, and fouling.  

µTAS have not been widely applied to in-situ water quality monitoring 

primarily because the off-chip components that power, drive, and transduce 

information for microfluidic chips need to be miniaturized. In most of the academic 

literature, the reported µTAS do not completely address the miniaturization and 

incorporation of all components. Some commercial in-situ instrument companies have 

miniaturized the entire instrument, but have not used the principles of microdesign and 

microfabrication. The result is a gap which impedes the convergence of these two 

complimentary fields and the creation of a field-deployable µTAS.  

The literature available on microfluidic components and microfabrication 

techniques is quite vast and provides all the building blocks for an in-situ µTAS for 

water quality monitoring. Pumps,8-10 microreactors,11-13 various sample preparation 

steps (filtration, extraction, separation, derivatization, etc.), macro-to-micro & micro-

to-micro interfaces,14 and detection systems (electrochemical, optical, etc.) represent 

only a fraction of the microfluidic designs presented in the literature. The purpose of 

this work was to draw upon this knowledge to develop a µTAS for in-situ 

spectrophotometric water quality monitoring, or a micro water monitoring device 

(µWMD). Significant challenges lie in developing a functional in-situ device because 
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not only must a µTAS be developed, but also the device miniaturization, automation, 

capability to analyze untreated environmental samples, and the ability to function 

while submerged must all be addressed. 

Spectrophotometric methods are among the most used class of methods for 

water quality monitoring of many nutrients and simple ions for a host of reasons. 

Spectrophotometry provides low detection limits and it is generally less sensitive to 

temperature and ionic strength than other methods such as electrochemical 

measurements. Because absorbance is determined from a ratio of radiant powers, it is 

often less susceptible to blank issues. Most of the chemistries are quite selective, have 

been evaluated for decades, and are ‘simple’ aqueous reactions. Spectrophotometric 

methods have been proven to be reliable, robust, and optical instruments are usually 

less susceptible to environmental fouling than electrochemical methods. 

Spectrophotometric environmental monitoring in µTAS has been used for several 

important aqueous nutrients: phosphate,15, 16 nitrite/nitrate,17, 18 and ammonia.19, 20  

The application of microfluidics to environmental monitoring was best 

summarized in 2005 by Marle & Greenway.21 Many of these devices require bench-

top accoutrements to operate, are unable to directly sample the environment, and none 

are capable of in-situ measurements. McGraw et al. have demonstrated autonomous 

µTAS for phosphate, other publications from this research group have used it to 

analyze river samples, and more recently a device was deployed at a waste water 

treatment plant where it samples from a diversion flow tube in the treatment process.16, 

22, 23 This work advances the field by miniaturizing all of the instrument components, 
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addressing the environment-to-chip interface, and demonstrating an in-situ 

microfluidic instrument.   

 The manuscripts that represent the body of this work are the progression from 

the development and characterization of microfluidic device components, to a µTAS 

suited to evaluate the performance and combination of the components in the lab, and 

finally to the in-situ µWMD that was deployed to monitor iron in groundwater. The 

first manuscript, PDMS and Tubing-based Peristaltic Micropumps with Direct 

Actuation, details the development and characterization of the micropumps. Two 

pumps were developed that utilized the same actuator, which was a miniaturized 

analog of the roller-type actuators used in many benchtop pumps. One pump was 

microfabricated out of PDMS and intended to be an integrated part of a PDMS 

(polydimethylsiloxane) microchip. The other pump was modular in nature and used 

commercial peristaltic pump tubing held in a polycarbonate housing.  

The second manuscript, Design and Fabrication of a Miniaturized Microfluidic 

System for Colorimetric Water Quality Monitoring, describes the µTAS that is used in 

the laboratory to evaluate many of the combined components needed for the in-situ 

analysis. These components included an integrated microchip with a passive Y-

micromixer with geometric focusing and a 1-cm pathlength fiber optic flow cell. The 

tubing-based, mini-motor driven, peristaltic micropumps with normally-closed valving 

capacity were used. Integrated PDMS interconnects that are bonded into the microchip 

with a low dead/swept volume were designed. Each component was characterized 

individually and then the performance of the entire µTAS was evaluated in terms of 
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calibration, calibration stability, reagent stability, comparison to the method performed 

on the benchtop, accuracy in determining a NIST standard treated as a blind sample, 

and the quantitation of an environmental groundwater sample.  

The third manuscript, Microfluidics in the Subsurface: In-Situ and 

Autonomous Determination of Iron in Groundwater with a Compact Micro Total 

Analysis System, details the culmination of the work with the development of the 

µWMD. It describes the microfabricated filter chip, the waterproof packaging, 

electronics/software, and the use of a dye to monitor the dilution factor for a more 

accurate analysis. The complete in-situ instrument with all components combined and 

miniaturized was used to monitor iron in wetland groundwater; demonstrating the 

utility of applying µTAS to in-situ monitoring and achieving the ultimate goal of the 

project. 

Additional details including alternate fluidic designs, experimental details, 

electronics/software, alternate fabrication methods developed, and alternate 

applications of microreactors are included in the appendices.  
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Abstract 
 

This work presents the design and characterization of novel PDMS and tubing-

based micropumps based on ‘direct actuation.’ A simple PDMS microchip consisting 

of a microchannel formed around a circular hole in the center of the microchip was 

pumped peristaltically. The center hole housed a miniature-motor driven, roller-type 

actuator, analogous to that used in bench-top peristaltic pumps. The roller-type 

actuator compressed the channel walls together as it rotated, thereby invoking 

peristalsis. A miniaturized tubing-based micropump was designed to utilize the same 

actuator by employing a polycarbonate housing fabricated to hold commercial 

peristaltic pump tubing. 

Channel/tubing dimensions, actuation frequency (RPM), percent compression 

of the PDMS microchip, and roller diameter can be varied to provide a large range of 
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flow rates. Additionally, when stopped, the pumps also provide normally-closed valve 

functionality. A linear flow rate range spanning 0.5-27 µL/min was obtained for the 

PDMS micropump by simply varying RPM and channel cross-section while one size 

of commercial tubing provided a range from 0.65 to 41 µL/min. The PDMS 

micropump valved up to 2 psi, while the tubing-based pump exhibited no leakage up 

to 50 psi. The two micropumps have similar dimensions with the fluid/actuator 

portions being ~2 x 2 x 1 cm and the mini-motor/gearbox having dimensions of 2.1 x 

1.0 x 1.2 cm with a 0.25-cm diameter, 0.8-cm long shaft. 

The micropumps performed comparably to a much larger commercial 

peristaltic pump, while consuming much less space and power. When pump driver 

size is included, the complete package is miniaturized enough to be portable. The 

tubing-based pump provides an inexpensive, modular micropump while the PDMS 

microchannel pump design facilitates pump integration into a microfluidic substrate.  

 

 

Introduction 
 

With the expansion of microfluidics, micro-total-analysis systems (µTAS), and 

micro-energy and chemical systems (MECs), the demand for low volumetric flow 

rates (0.1 – 100 µL/min) has increased, and consequently, a variety of micropumps 

have been developed [1-3]. Commercial syringe and peristaltic pumps are generally 

too bulky for incorporation into integrated or portable devices. Further development of 

integrated, inexpensive, miniaturized, and versatile micropumps is needed to facilitate 
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the application of more completely integrated & portable flow devices. It is also 

important to simplify micropump fabrication so that pump designs providing a wide 

range of flow rates are accessible for a variety of research applications. 

Micropumps have been broadly classified into two distinct families without 

standard nomenclature: mechanical and non-mechanical [1] (also known as 

displacement and dynamic [3] and as reciprocating and continuous flow [2]). 

Polydimethylsiloxane (PDMS) has become one of the most common microfluidic chip 

materials due to ease of fabrication and elastic properties that make PDMS well-suited 

for mechanical pumping and valving applications. A great variety of actuation 

methods for PDMS diaphragms have been employed including pneumatic/hydraulic 

[4], piezoelectric [5], thermopneumatic [6, 7], and magnetic [8-10]. These actuation 

principles rely on transmitting the force for actuation through another medium. 

Examples include exerting pressure on a working fluid to actuate the diaphragm, 

changing the temperature to expand or contract an additional material in contact with 

the membrane, or coupling a magnetic field to move the diaphragm itself or a 

magnetic material in contact with it. In contrast, many macroscale pumps such as 

peristaltic, rotary, and piston-type pumps are directly actuated with mechanical force. 

Some examples of more ‘direct’ actuation of micropump diaphragms are Braille 

printer pumping [11, 12], solenoid actuation, and ‘manual’ [13] thumb actuated 

pumping. Miniature motors have been incorporated into magnetic micropump designs 

as a means to actuate diaphragms via coupling to permanent magnets [8, 9] and 
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ferrofluids [14]. To our knowledge, no motor-driven, direct actuation of micropumps 

has yet been demonstrated for Lab-on-a-Chip systems. 

 In this work, we report the development and characterization of a PDMS 

micropump that is actuated similarly to the conventional manner employed in 

commercial benchtop peristaltic pumps. A miniature motor is used to rotate an 

actuator that consists of three rollers that compress a PDMS microchannel to invoke 

peristalsis. When at rest, the rollers compress the channel closed, giving the pump a 

normally-closed valving characteristic. Channel dimensions and motor speed (RPM) 

can be varied to construct pumps with a large range of flow rates for a given design. 

The micropump design allows it to be easily integrated into larger chip geometries or 

be used in a modular fashion. An additional modular design was developed with 

similar dimensions which facilitates the use of conventional peristaltic pump tubing 

with the same actuator. Flow rates are reported as a function of RPM, channel 

dimensions/tubing ID, and PDMS microchip compression. Valve break-through 

pressures, flow rate stability, comparison to a commercial bench-top peristaltic pump, 

torque, and power are also presented. 

 

Experimental 
 
 Peristaltic pumping occurs due to spatially sequential occlusion (closing) and 

restitution (opening) of pump tubing or a pump channel. It is not necessary to 

completely occlude the pump channel to generate flow although complete 
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compression generates higher flows, more backpressure resistance, valving capacity, 

and more robust pumping (bubble and particle tolerance) [15]. In contrast to more 

general displacement pumps such as a piston-type pump, the directionality of fluid 

flow is generated by the sequential actuation of channel segments as opposed to 

discrete valves or rectifiers. Advantages of peristaltic pumping include isolation of 

pump actuators from the fluid being pumped, bubble and particle tolerance, low-cost, 

and easy maintenance.  

The flow rate of peristaltic pumps is dependent on the actuation frequency (in 

this case RPM x the number of rollers) and the volume displaced during occlusion, 

termed the pillow volume. Assuming complete occlusion, a maximum pillow volume 

can be estimated from the microchannel dimensions (or tubing id) and the length of 

channel actuated. Incomplete occlusion, stretching of the tubing during actuation, and 

volumes occupied by the actuators themselves can cause the actual flow rate to be 

lower than that estimated with the maximum pillow volume. 

 

Actuator design 
 

The geared miniature DC motor (212-403, 298:1 gear ratio) has a voltage 

range of ~0.5 to 12 V, was obtained from Precision Microdrives (London, UK), and 

was originally intended for video camera focusing rings. The motor shaft is 0.8-cm 

long with a 0.25-cm diameter and the DC motor/gearbox unit is 2.1-cm long (shaft 

axis) with a 1.0 cm x 1.2 cm cross section.  
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The actuator was fabricated on-site out of brass and consisted of a disc with 

three posts soldered perpendicular to its surface 120º apart (Figure 1, top inset). The 

posts served as center axles for brass rollers (see supplemental materials). Rollers 

having radii of 1.07, 1.18, and 1.32 mm were used and will hereafter be referred to as 

small, medium, and large, respectively. The motor was mounted to an aluminum plate 

and the actuator was affixed to the shaft on the other side of the plate with a set screw. 

Motor failure due to gearbox seizure occurred under high stress situations (e.g., 

long-term use of the largest roller size) and with preliminary actuator designs. This 

was not an issue with final designs and the conditions reported here; however, special 

care was taken to minimize excessive torque loading of the motor. Gearboxes were 

lubricated with sewing machine oil, while actuator pieces were lubricated with Liquid 

Wrench dry lubricant and cleaned between experiments. The sides of the hole in the 

PDMS microchip or the peristaltic pump tubing were lubricated with sewing machine 

oil or glycerin at points of contact with the rollers.  

 

PDMS micropump  
 

Three PDMS (Sylgard 184, Dow, 10:1 ratio of base to curing agent) 

microchips with different channel dimensions were fabricated via replica molding of 

silicon masters made using a maskless lithography system (SF-100, Intelligent Micro 

Patterning, St. Petersburg, FL). Negative tone photoresist, SU-8 2050 (Microchem), 

and the dryfilm resist, MX5050 (50-µm thick, Dupont) were used. Two different SU-8 
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masters were generated, each with two spin/pre-bake steps. Height and width 

dimensions of the micropump channels were as follows: 50 x 250 µm, 315 x 275 µm, 

and 445 x 300 µm; the PDMS microchips with these dimensions will hereafter be 

referred to as small, medium, and large, respectively. Replica molding was used to 

transfer the features into a single PDMS layer which was then bonded via plasma 

oxidation [16] to another blank piece of PDMS.  

The pump design is depicted in the bottom inset of Figure 1 and consisted of a 

microchannel that formed a circular fluid path around an interior guide feature. The 

guide feature was used for alignment during punching the hole to accept the pump 

actuator. A modified PDMS pump design, also shown in Figure 1, was fabricated to 

further simulate conventional pump designs based on tubing.  A half circle 1 mm away 

from the channel was punched out of the microchip and a polycarbonate (PC) back-

wall piece with a semi-circular pocket was placed against the this half circle. The 

modified design differs in that the channel wall opposite the rollers became a thin 1-

mm layer, and the back-wall served as a rigid barrier to compress the PMDS material 

into. In theory this minimized dampening of the force exerted by the rollers by 

eliminating unnecessary elastomeric material.  

Interconnections to the PDMS microchips’ via holes were made in one of two ways: 

bonding Upchurch NanoPorts via adhesive rings (Oak Harbor, WA: N-333) to plasma 

activated PDMS [17] or super-gluing tubing to a piece of PC and compressing the PC 

to seal against the PDMS (see supplemental materials). A PC plate was placed on top 

of the PDMS microchip to hold it in place and holes were punched through the corners 
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of the PDMS microchip where screws were used to attach the assembly to an 

aluminum motor-mounting plate. The complete PDMS pump with the microchip, 

actuator, top plate, ports, and motor is shown in Figure 2. Excluding the motor, the 

dimensions are 3.3 x 2 cm x 1-cm thick.  

 

Tubing-based micropump  
 

The tubing-based micropump design is shown in Figure 3. The PDMS 

microchip was replaced by a two-piece PC housing (2 x 2 x 0.25 cm each). The 

bottom piece had a hole in the center (10.67 mm diameter) and each piece had half-

circle grooves (1.85 mm diameter) on one edge to hold commercial peristaltic pump 

tubing inlet and outlet. After insertion into the housing, the commercial tubing was 

pulled at the outlet until the tubing’s stop was flush against the inlet side of the 

housing (as in Figure 1). In some cases, this initial tensioning was necessary to 

generate flow and is attributed to variation in the tubing and the need for pre-‘wearing’ 

of the tubing. The grooves were situated such that the rollers contacted the tubing over 

an arc of 275°. An arc of greater than 180° was necessary to pump without applying 

constant tension to the tubing. Three sizes of conventional polyvinylchloride tubing 

were used (Irama Corp. Milwaukie, OR) and are denoted by the ID’s of 129, 190, or 

250 µm (commercial color codes orange black, orange red, and orange blue). The 

corresponding OD’s are 1.94, 2.04, and 2.08 mm and the percents of the OD 

compressed when actuated are 42.7, 45.5, and 46.6 %, respectively.  
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Interconnections to the peristaltic pump tubing were made with 23-gauge luer-

lock syringe needles.  The tubing was slipped over the needle which was connected to 

a luer-lock to 1/4-28 adapter (Upchurch, Oak Harbor, WA: P-675), and then to 

polyetheretherketone tubing with 1/4-28 fittings.  

 

Characterization 
 

The miniature motor was driven with a back-EMF controller circuit to 

maintain a constant RPM in the event of possible load variation. Controller power and 

space requirements are not included in the pump analysis. A Labview program was 

written to monitor the current through the motor, the voltage across the motor leads, 

and the back-EMF controller voltage. The signals were cleaned up with a differential 

2-pole low-pass filter (see supplemental materials) before digitization with an ADC 

(National Instruments USB-6008) and software averaging.  

The program also calculated and monitored the RPM and torque of the motor 

by use of equations 1 [9] and 2, respectively,  

                                                          RPMkIRE Es =− )(                                  (1) 

                                                          TI T =• k                                                    (2) 

where E is the motor voltage (V), I is the current (A), Rs is the motor terminal 

resistance (Ω), kE is the motor back-EMF constant (V/RPM), kT is the torque constant 

(N•m/A), and T is the torque (N•m). The motor constants were obtained from the 
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manufacturer and kE was further adjusted based on the actual RPM of the motor by 

using equation 1.  

 Flow rates were measured with an Omega Micro Rotameter (FL-310) and 

calculations were performed to compensate for the effect of temperature variations. 

The rotameter has a range from ~0.5 to ~80 µL/min and a reported error of 10% in 

flow measurements of water. The outlet and inlets were maintained at the same height 

to eliminate hydrostatic pressure differences and the pressure drop due to flow through 

the system was calculated to be ~0.008 psi and considered to have a negligible effect 

on flow rate. This was verified by the absence of dynamic pumping effects (i.e., linear 

plots of flow rate vs. RPM).   

Flow rates as a function of percent compression were determined by tightening 

the screws through the corners of the microchip and by either using spacers of known 

thickness or measuring the thickness of the pump with a micrometer. Percent 

compression is defined as the difference in thickness between the uncompressed and 

compressed PDMS chip, relative to the thickness of the uncompressed chip. PDMS 

pump experiments were performed with the pump microchips compressed to yield the 

highest flow response (optimum compression) unless otherwise stated.  

Flow rates as a function of backpressure were obtained either by connecting 

the outlet to a pressurized reservoir (with a 0-30 psi range and 0.06-psi resolution 

gauge or 0-60 psi range and 1-psi resolution gauge) or by applying pressures 

hydrostatically by raising the outlet tubing height relative to the inlet tubing (0-0.9 psi 

with ~0.007 psi resolution). The pressure reservoir consisted of a water filled bottle 
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with a septum cap. The bottle was pressurized with nitrogen gas and connected to a 

pressure gauge & the pump tubing through luer-lock needles that pierced the septum.  

Valving pressures were determined in fully primed pumps, with pressures 

applied at the inlet in the same manner as for the backpressure experiments. The outlet 

tubing was taped to a ruler and the movement of the solution meniscus was observed 

to determine break-through pressures. The fluid used in all cases was deionized water. 

The commercial peristaltic pump used for flow rate and stability comparisons was a 

high precision Watson-Marlow Alitea C-XV with dimensions of ~13 x 17 x 10 cm and 

8 rollers. Each experiment was performed once for a given pump and set of 

conditions. 

  

Results and discussion 
 

For all pumps, the flow rate increased linearly with motor RPM (i.e., actuation 

frequency), indicating that the system backpressure was negligible compared to the 

generated pumping pressure. Significant differences in flow rate as a function of RPM 

were observed for different tubing sizes and PDMS channel dimensions. Replicate 

data for experiments with a given pump speed, in which only roller size or 

channel/tubing dimensions varied, were pooled to generate a measure of experimental 

reproducibility. The pooled relative standard deviations were 12% for the PDMS 

micropump (total n = 15, 7 unique sample sets) and 15% for the tubing-based 

micropump (total n = 46, 21 unique sample sets).  
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Recorded video (see supplemental materials) of the pumps demonstrates self-

priming and bubble tolerance which is indicative of robust pumps with a high 

compression ratio [15]. In the case of large rollers and a high RPM (~70 RPM) 

bubbles were observed in the pump outlet suggesting fluid degassing/cavitation. This 

phenomenon was more extreme for the PDMS pump. 

Torque and power consumption did not vary significantly between the tubing 

and PDMS based pumps and also did not differ appreciably under the various 

operating conditions except when the PDMS pump compression was not controlled, or 

the PC back-wall was used. For all experiments torque and power values varied with 

the operating voltage and were in the range of 10-70 mN•m and 50-1000 mW, 

respectively.  

 

Tubing-based micropump 
 

Valving experiments for the tubing-based pump were performed with the 

smallest roller for both the 129-µm ID and 250-µm ID tubing and no fluid flow was 

observed at pressures up to 50 psi. Microscope inspection of ID closure in the 

micropump provided inconsistent results when compared to the valving experiment. 

Complete occlusion was only visible with the large roller and the degree of closure 

appeared to decrease with decreasing roller size (see supplemental materials).  The 

flow rate of the micropump with 190-µm ID tubing and medium rollers decreased 
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5.5% with 6 psi of applied backpressure (pressure reservoir) as determined from the 

slope of a best-fit line. 

 The data in Figure 4 and Figure 5 show that flow rate is linearly related to 

motor speed; however, the dependence of the flow rate on tubing size and roller size is 

more complex. For the 190-µm ID tubing, the flow rate increased with the size of the 

roller for a given rpm (Figure 4). This behavior suggests that the degree of occlusion 

increases with roller size. However with 250-µm ID tubing, the flow rate did not vary 

with roller size suggesting complete occlusion, perhaps due to the larger OD. 

 With small rollers, the flow rates with the 190-µm and 129-µm ID tubing are 

similar, but the flow rate was significantly larger with 250-µm ID tubing (Figure 5) 

reinforcing the hypothesis that the OD may be a significant contributing factor to more 

complete compression of the tubing. 

The micropump with 250-µm ID tubing was tested for longevity by turning the 

pump on for 10 min per day over a period of 25 days without performing any pump 

maintenance or changing the tubing. The tubing was found to have a break-in-period 

of ~5 days, during which the average flow rate increased from of 13.3 to 21.1 µL/min. 

After the break in period, the flow rate remained relatively constant and the relative 

standard deviation was 8% over the last 20 days. It was discovered after the body of 

this work that pre-stretching the tubing (1 cm elongation of roller contact region for 

~48 hr) provides for more reproducible initial flows and eliminates the need to tension 

the tubing initially to generate flow. 
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As a result of the pump design and driving the motor with a controlled back-

EMF, the torque, and hence, the current required to maintain a constant RPM, varied 

throughout one rotation of the motor shaft (see supplemental materials). Less torque is 

required during the short time the rollers are not in contact with the tubing. This 

presents the opportunity to index the pump and calculate the RPM by monitoring 

current fluctuations. Three peaks per revolution were expected (one for each roller); 

however, only one peak per revolution was observed.  

 

PDMS Micropump 
 

Varying the channel dimensions affected the flow response considerably as 

seen in Figure 6. Flow rate doubled with a factor of 10.6 change in the cross-sectional 

area of the microchannel. The non-linear relationship between cross-section and flow 

rate can be attributed to different degrees of occlusion. With the medium PDMS 

micropump, the degree of channel closure varied at specific areas around the radius of 

the channel (completely occluded portion shown in Figure 7), suggesting that 

alignment of holes during punching may be critical to pump operation and valving 

ability. The small PDMS micropump did not exhibit full channel closure and 

correspondingly had a much lower breakthrough pressure as a valve.  

Inclusion of the PC back-wall to aid microchannel closure increased the flow 

rate by a factor of 1.5, suggesting more complete occlusion. The flow rate also 

increased with roller size for a given RPM, presumably due to a concurrent increase in 
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the degree of channel closure. At 52.3 RPM, the medium PDMS micropump had flow 

rates of 6.7, 8.5, and 17 µL/min for the small, medium, and large rollers, respectively.  

 The PDMS micropumps were susceptible to backpressure and the flow rate 

decreased with increasing backpressure as shown in Figure 8 (compression not 

optimized). In general the flow rate degradation was similar for different roller sizes, 

although initial flow rates differed. 

The flow rate of the PDMS micropumps was also dependent on the degree the 

PDMS microchip was compressed in the height dimension. It was necessary to 

compress the PDMS microchip to generate flow except in the case of the small PDMS 

micropump with the PC back-wall. It is hypothesized that the elastic material needs to 

be constrained in the z-axis to prevent dampening of the force compressing the 

channel walls together. The medium and large PDMS micropumps generated the 

highest flow rates at ~10% compression while the small PDMS micropump was 

optimized with 5% compression (Figure 9). Over-tightening of the PC top plate caused 

the center of the channel to collapse allowing only restricted areas of fluid flow near 

the channel walls (see supplemental materials). 

Valving experiments for the PDMS pumps were conducted both with 

hydrostatic pressures and the pressurized reservoir. The small PDMS micropump was 

found to valve up to a pressure of 0.076 psi, while the medium PDMS micropump 

valved up to 2 psi. The difference is attributed to degree of channel closure. Hysteresis 

was observed for valving of the PDMS micropump in that fluid continued to flow after 

lowering the pressure below 2 psi. 
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Pump Stability 
 

A stability test was run to compare the flow variation between the micropumps 

and a commercial peristaltic pump. The pumps were run at constant speed for 2 

continuous hours, with data points recorded every minute for 10 min intervals spaced 

10 min apart. The relative standard deviations in the flow rates were 5%, 3%, and 3% 

for the medium PDMS micropump, tubing-based micropump (190-µm ID tubing), and 

commercial peristaltic pump (190-µm ID tubing), respectively. The flow rates of the 

commercial pump and the tubing-based micropump were normalized for estimated 

pillow volume (arc-length between the rollers multiplied by the tubing cross-sectional 

area) and number of rollers. The normalized flow rate of the commertial pump was 1.6 

times greater than that of the tubing-based micropump.  

 

Further Improvements 
 

It should be noted that the back-EMF controller was of an analog design and 

consumed more space and power than desired. Another motor controller was 

constructed after completion of the micropump characterization. It is ~4 x 6 x 0.5 cm, 

consumes negligible power (compared to the motor itself), and reduces pump power 

consumption to between 90 and 250 mW by employing a variable high frequency duty 

cycle to maintain a constant RPM. With respect to pump indexing, the new controller 

provided 3 current peaks per revolution as expected. After employing surface mount 
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components the estimated size will be ~2 x 4 x 0.5 cm. Additionally, a thinner motor 

mounting plate was fabricated to reduce pump thickness. 

 

Conclusions 
 

Both the tubing-based micropump and the PDMS micropump are simple, 

highly miniaturized pump designs that permit adjusting the flow rate over a wide 

range.  Several options are available to tune the micropump flow rate such as percent 

compression, channel/tubing dimensions, RPM, and roller size. When stopped the 

pumps also provide normally closed valve functionality. Modifying the PDMS pump 

design to include a PC back-wall increased flow rate and eliminated the need for 

compression to generate flow in the small PDMS micropump, indicating more 

complete occlusion of the microchannel. The tubing-based micropump is an 

inexpensive, miniaturized, modular micropump with a high valving pressure, while the 

PDMS micropump design facilitates pump integration into a microfluidic device. The 

micropumps performed comparably to a much larger commercial peristaltic pump, 

while consuming much less space and power. Compared to other micropump designs, 

these pumps have simple fabrication, direct pump actuation, and a large & linear flow 

response. When pump driver size is included, the complete package is miniaturized 

enough to be portable. 
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Figures 
 

 

Figure 1. Graphic of modified PDMS microchip depicting microchannel design, 
punched hole, and PC wall to aid in channel compression. Insets: Top, graphic of the 
roller-type actuator. Bottom, graphic of the unmodified PDMS microchip. Rendition is 
not to scale. 
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Figure 2. Photograph of assembled PDMS micropump with NanoPort interconnects 
and miniature motor. a: Side view. b: Top view. 
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Figure 3. Photograph of top view of tubing-based micropump. Tubing stop at inlet. 



 

 

37 

Flow Rate = 0.11•RPM + 1.01
R2 = 0.878

Flow Rate = 0.19•RPM + 2.16
R2 = 0.970

Flow Rate = 0.24•RPM + 2.86
R2 = 0.864

0

5

10

15

20

25

0 10 20 30 40 50 60 70 80 90

RPM

Fl
ow

 R
at

e 
( µ

L
/m

in
)

 
Figure 4. Effect of roller size on the flow response with 190-µm ID tubing. : small 
rollers of 1.07 mm radius. : medium rollers of 1.18 mm radius. : large rollers of 
1.32 mm radius. 
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Figure 5.  Dependence of flow response on tubing size with the small rollers. : 130 
µm ID. : 190 µm ID. : 250 µm ID. 
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Figure 6. Flow rates for the PDMS micropump with different channel dimensions and 
with use of the PC back-wall. All measurements were made with optimum 
compression, medium rollers, and NanoPort interconnects. : small—50-µm by 250-
µm. : Large—445-µm by 300-µm. : Large with PC back-wall. 
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Figure 7. Photograph of microchannel and large roller in the medium PDMS 
micropump. Complete occlusion is observed and results in valving and optimum 
pumping as the collapsed channel portion sweeps around the circular microchannel. 
Fluorescein was used to aid visualization. 
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Figure 8. Backpressure response of PDMS micropump with different channel 
dimensions, large rollers, and PC glued interconnects. : small PDMS pump. : large 
PDMS pump. 
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Figure 9. Effect of vertical compression on the flow rate of the PDMS micropumps at 
31.4 RPM using medium rollers. : small PDMS pump. : large PDMS pump. : 
large PDMS pump with PC back-wall..  
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Design and Fabrication of a Miniaturized Microfluidic System for Colorimetric Water  

Quality Monitoring 
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Abstract 

We present a micro-total-analysis system (µTAS) designed to serve as a 

miniaturized, microfluidic platform for colorimetric water quality monitoring. The 

design and characterization of the individual microfluidic components are addressed. 

Performance and integration of the components are discussed with a focus on meeting 

the challenges presented by the application of in-situ water quality monitoring. Unlike 

previous systems, the device utilizes a miniature spectrometer enabling different 

chemistries to be used without adapting the detection system. A novel integrated 

polydimethylsiloxane (PDMS) tubing interconnect is presented that is bonded into the 

microchip in a low dead/swept volume design. Additional components include a 

passive micromixer, a 1-cm pathlength microfluidic absorbance flow cell, and mini-

motor driven peristaltic micropumps with normally-closed valving capacity. 

Characterization of mixing efficiency was performed by measuring absorbance cross-

sections of the mixing microchannel with a microscope spectrometer. We demonstrate 

the application of a µTAS to the measurement of iron for water quality monitoring 

with spectrophotometric detection after complexation with 1,10-orthophenanthroline. 
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The microfluidic device performed comparably to a bench-top analysis and response 

was stable between measurements made a month apart. The detection limit was 

estimated to be 0.2 µM, a NIST standard was quantified with 4% accuracy, and a 

groundwater sample was measured with the device. 

 

Introduction 
 

The most critical aspects of water quality monitoring are often the sampling 

and sample preparation steps. This is because these steps often introduce errors in an 

analysis and are not amenable to the high frequency monitoring needed to adequately 

characterize the environment. Micro-total-analysis systems (µTAS) seek to integrate 

sampling, sample preparation, and analytical measurement steps on a single 

miniaturized platform, thereby reducing introduction of potential errors and allowing 

for the possibility of higher frequency monitoring. Additional benefits of applying 

microfluidics to water quality monitoring are minimizing reagent volumes, device 

footprint, and power consumption, along with integration of analysis steps, rapid 

mixing, and in some cases, faster analysis times. A smaller device size is more 

amenable to long-term, continuous, field monitoring.  

Marle & Greenway have best summarized the modest but persistent effort to 

apply microfluidics to environmental monitoring.1 Spectrophotometric environmental 

monitoring in microfluidic devices has been employed for several important water 

quality analytes: phosphate,2, 3 nitrite/nitrate,4, 5 and ammonia.6, 7 Many of these 
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devices still utilized bench-top components or were not equipped to directly sample 

the environment. However, the endeavor to apply microfluidics to colorimetric water 

quality monitoring has advanced to the point of autonomous and field deployable 

devices, demonstrating both the feasibility and utility of microfluidic monitoring 

devices.8, 9  

Ferric and ferrous iron are an important redox couple that are useful in 

groundwater monitoring for remediation purposes and for investigating subsurface 

biogeochemistry. The UN Food and Agriculture Association has set a limit of 5 mg/L 

iron in irrigation waters. The EPA MCL drinking water standard for iron is 300 µg/L. 

One of the most common colorimetric reactions for determination of iron is 

complexation of Fe(III) with 1,10-orthophenanthroline (OP).10, 11 Three ligands react 

with ferrous iron to form an orange-red colored complex with an absorption maximum 

at 510 nm. Measurement of ferric iron is performed by reducing the Fe(III) in the 

sample, generally with hydroxylamine. Total iron is determined after acid digestion 

and dissolved iron is arbitrarily assigned as the iron in a sample that passes through a 

0.45-µm filter.11  

The determination of iron by the OP method is well suited to a microfluidic 

device application because one combined reagent can be used to simultaneously buffer 

the sample, reduce Fe(III) to Fe(II), and form a chromophore with Fe(II). This method 

was successfully implemented on-chip in a system for high-throughput, gravity-

driven, flow-injection analysis.12 Here we demonstrate its utility for water quality 
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monitoring using a stop flow methodology in a device more suited for autonomous & 

in-situ measurements.  

We present the development of a microfluidic device platform for colorimetric 

water quality monitoring with the ultimate goal of an in-situ device for remote and 

autonomous deployment. This goal drives the device design, and here we present the 

design and characterization of many of the microfluidic components needed to meet 

this end: a micromixer, micropumps, and a microfabricated optical flow cell. A novel 

integrated polydimethylsiloxane (PDMS) macro-micro or chip-chip interface that is 

bonded to the chip is also demonstrated. 

Focus is placed on miniaturizing the entire device, both the microfluidic chip 

and the elements that facilitate its operation. A laptop, miniature spectrometer, and 

power supply were interfaced with the device. With these components, a compact and 

portable device is realized, however it is not yet suitable for submersible in-situ use. 

Attention is drawn to the interplay of integrated and modular microfluidics and how 

both approaches are appropriate to produce a viable environmental monitoring device. 

Application of a µTAS to the water quality monitoring of iron is demonstrated by 

using the device to determine iron in well water from a wetland.  

 

Experimental 

Design 
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The standard operations of a colorimetric analysis dictate the microfluidic 

components that must be included in the device. The need to acquire a sample and 

perform a chemical reaction requires reagent storage, fluid delivery, and mixing. 

Subsequent absorbance detection necessitates an optical flow cell with light source, 

photodetector, and optics. Figure 10 is a representation of the components chosen to 

perform a basic colorimetric analysis on a microfluidic platform. Because the device 

must be able to operate remotely for extended time periods, components must be 

selected that minimize energy consumption. Chip footprint must also be minimized to 

permit a small device size that is amenable to novel and challenging monitoring 

applications.  

Integration of microfluidic components into a single chip is one of the distinct 

advantages of applying microfluidics to environmental monitoring because it reduces 

volumes, promotes automation, and simply reduces device complexity. Modular 

microfluidic systems can be cumbersome because connecting microfluidic chips 

generally results in increased volumes and interconnections are often a failure point. 

However, having a modular format for some components could help minimize the 

impacts of differential failure for various parts of the system.  

The pumps are the only active part of the system that will experience wear and 

therefore it will be more effective to be able to replace them independently. Following 

similar logic, if the chip fails it would be undesirable to replace functioning, 

expensive, and complex electronic & optical parts found in the source, detector, and 

control systems.  
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Researchers have reported a great assortment of micropumps: integrated & 

modular, mechanical & non-mechanical, with varied key characteristics and degrees 

of complexity.13-15 Pressure driven flow is preferred over electrokinetic methods for 

fluid delivery in environmental applications because flow performance is not reliant 

on the solution ionic strength. Because the sample ionic strength can vary significantly 

in environmental situations, sample injections can suffer from imprecision and 

samples must be buffered.4, 16 Reagents can also undergo differential migration which 

can further complicate analysis.2  

Peristaltic pumps are inexpensive, can be readily miniaturized (including 

driver circuitry), have low power consumption, are generally bubble & particle 

tolerant, have actuators that are isolated from the fluid, and are simple in design. 

Disadvantages include tubing wear/failure and pulsatile flow. Therefore it is critical 

that flow rate is stable over a typical deployment period (weeks to months), the 

pulsatile flow does not significantly degrade mixing efficiency, and that the dilution 

factor remains relatively constant.  

An abundance of micromixer designs have been demonstrated, providing 

reactors suited for diverse applications.17-19 A Y-mixer was chosen and combined with 

geometric focusing20 to further minimize diffusion distances. The Y-mixer was 

selected for its passive nature and its simplicity. Because many colorimetric reactions 

have kinetics that are orders of magnitude slower than microreactor mixing times, the 

critical design consideration is that the fluid stream must be homogenous by the time it 

reaches the detection volume. This allows for stopped flow techniques in which the 
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reaction can come to completion. In this way, calibration sensitivity is maximized and 

long residence coils that increase volumes are unnecessary.  

Robust, reliable, and simple interconnects are needed to fluidically connect 

microfluidic chips to each other, macroscale systems, fluid delivery systems, and the 

external environment. Many such interconnect systems have been devised21 and 

several commercial solutions are available. Here we present an all PDMS 

interconnection system based on ‘home-made’ PDMS tubing that is plasma bonded 

into the chip in a low dead volume configuration.  

Absorbance flow cells, while simple in design, have not been as readily 

adapted to microfluidics as other detection methods (e.g., fluorescence or 

electrochemical methods) because relatively long pathlengths (compared to 

microchannel dimensions) are needed to obtain adequate calibration sensitivities.1, 22 

Conventional spectrophotometry utilizes detection cells with pathlengths ranging from 

1-10 cm while the flow cells that have been designed for microfluidic systems 

generally have pathlengths ranging from 100 µm to millimeters.6, 8, 16, 22, 23 Alignment 

of optical components is critical for optical measurements and microfabrication 

technologies conveniently allow for highly accurate fabrication processes.  

A simple and flexible solution is to incorporate optical fibers into microfluidic 

chips with the use of ‘guide’ channels/features present in the master, that align the 

fibers with the flow cell channels by either inserting or casting the fibers into the 

chip.4, 16, 23, 24 This method has the added advantage of minimizing the separation 

distance between the end of the fiber optics and the detection volume which 
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maximizes light throughput and minimizes stray light. If fibers are inserted into guide 

channels, they can be replaced independently of the chip and vice-versa. 

In choosing a photodetector, a balance must be struck between power, size, 

resolution, and utility. The small size and ease of use make miniature spectrometers 

appropriate for field colorimetric analysis.25 However, it is the multiple wavelength 

(i.e., a spectrum) information that can provide a distinct advantage over smaller and 

simpler single wavelength detectors. Multiple wavelengths can allow for background 

correction that can compensate for some errors and spectral analysis also permits the 

possibility of observing more complex chemistries. The use of a broad spectrum 

source allows the device to be used as a platform for various colorimetric chemistries. 

Only the reagent chemistry need be changed to facilitate different colorimetric 

analysis and it is unnecessary to match LED emission or optical filter bands that 

would require device reconfiguration.  

The field of microfluidics has generated a large repository of designs for 

microfluidic system components and many complete µTAS have also been 

developed.26-31 While much of the groundwork has been laid for the components to 

develop integrated systems, it is challenging to incorporate components into a µTAS 

and adapt them for a particular application such as water-quality monitoring.  
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Device Fabrication 

Microfabrication of components was performed by replica molding 

polydimethylsiloxane (PDMS) (Sylgard 184, Dow, 10:1 ratio of base:curing agent) 

cured at 100 °C for 10 min. Molds were made from SU-8 (Microchem, SU-8 2015, 

2050, 3050) lithographic masters on silicon substrates patterned with a maskless 

exposure tool (SF-100, Intelligent Micro Patterning, St. Petersburg, FL). Flow cell 

features, ~250 µm thick SU-8, were composed of two photoresist spin layers. PDMS 

chips were either plasma bonded (30-s exposure in a home built oxygen plasma at 100 

mTorr, RF power ~20 W)32, 33 to glass slides or to another PDMS microchip.  

Aligning microfeatures in two-layer devices was performed manually with the 

plasma activated surface preserved by immersion in a mixture of ~ 70% methanol33 in 

water. Pure methanol was not used because it evaporates too quickly and the PDMS 

can swell making alignment unfeasible. Fluidic interconnections for testing individual 

components were formed by plasma bonding Upchurch Nanoports to PDMS using the 

supplied adhesive rings.34 

 

Components 

Pumps 
 

The pumps used in this work are a more advanced version of the design 

previously presented, where a thorough characterization was performed.35 Both a 

PDMS microfabricated pump and a commercial tubing based pump in a polycarbonate 
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housing were developed. Both pumps used a miniaturized roller-type actuator, to 

compress the channel/tubing walls, thereby invoking peristalsis. The actuator was 

driven with a mini geared motor. The micropump had dimensions of ~2 x 2 x 1 cm for 

the fluid/actuator portion and the mini motor/gearbox had dimensions of 2.1 x 1.0 x 2 

cm.  

For this work, the tubing-based design was favored over the integrated PDMS 

micropump for monitoring applications because the modular approach provides for 

flexible device arrangement which minimizes footprint and the consumable pump 

tubing can be replaced rather than fabricating a new microfluidic chip. Compared to 

the previous design, the pumps adapted for this work, shown in Figure 11, have 

modified actuators made from steel and thinner rollers (1.55-mm diameter post, 2.1-

mm OD rollers that are 0.64-mm thick). Most significantly, 6 rollers rather than 3, 

placed at 60° intervals, were used for less pulsatile flow.  

 

Mixer  
 

A photo of the micromixer is shown in Figure 12. Two 100-µm wide channels 

converge in a 200-µm wide focusing channel which then narrows to 50 µm, 

minimizing the diffusion distance to ~25 µm (70 µm height, 10 cm length). 

Characterization of mixing efficiency was performed by monitoring the absorbance of 

the formation of iron thiocyanate, which rapidly forms a colored product when mixed, 

on an Olympus IX-71 (Olympus, Center Valley, PA) microscope equipped with an 



 

 

54 

Acton Microspec MS-2150 spectrometer and PIXIS-512 cooled CCD camera (both 

from Princeton Instruments, Trenton, NJ). The instrument facilitated switching 

between dispersed and non-dispersed modes of imaging. Two Kloehn syringe pumps 

were used for fluid delivery (Kloehn LTD, Las Vegas, NV; 50300 equipped with 6-

port valve). 

The spectrometer slit (variable width, set to 100 µm) was aligned 

perpendicular to the mixing channel and then translated down the length of the mixing 

channel. The resulting data provided absorbance spectra (integrated across the spatial 

dimension of the slit width) spatially resolved along the length of the slit (10x 

magnification yielded a resolution of 2.2 µm/pixel). This information was then used to 

generate absorbance cross sections of the solution in the mixing channel. With the 

assumption that the mixing (and hence absorbance) is homogeneous throughout the 

depth of the channel, the absorbance of the cross sections can be integrated and 

compared to the absorbance of fully mixed cross sections to determine the percentage 

mixed of the fluid stream (i.e., mixing efficiency) at the given point in the mixing 

channel.  

 

Flow Cell  
 

The microfabricated flow cell used in this work was 200-µm wide, had a 1-cm 

pathlength and is shown in Figure 13. Fibers were inserted through fiber guide 

channels to rest against a PDMS window that was ~120 µm thick. A more traditional 
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pathlength was chosen to increase calibration sensitivity and for ease of comparison to 

conventional methods. Optical fibers with core and total diameters of 200 and 250 µm, 

respectively, were used and dictated the channel height. This size was chosen because 

it provides increased light throughput compared to smaller fibers (100-µm core fibers 

were also tried) and fiber dimensions are still comparable to microfluidic channel 

sizes. The flow cell was integrated with the micromixer for characterization. An iron 

thiocyanate calibration curve obtained during mixing of Fe(III) and SCN- solutions 

was compared to a calibration curve with premixed solutions and an Ocean Optics 

(Dunedin, FL) benchtop spectrometer. 

 

Interconnects   
 

PDMS tubing was created by casting in a glass tube with a wire through the 

center. The stainless steel wire (250-µm diameter) was threaded through the center of 

a Teflon plug that fit the ID of the glass tubing (2.18 mm ID, 3.86 mm OD), through 

the glass tubing, and then through another Teflon plug. One end of wire was held with 

solder to keep it from sliding through the plug, while the other end was left free to 

slide. During fabrication both ends of the glass tubing were initially left unplugged 

and PDMS was injected into the tube with a syringe. Then each end of the glass tube 

was plugged, the wire was pulled taut to center it in the glass tube, and then the free 

end was clamped with hemostats. After curing, the glass was gently cracked in a vise 

and removed. 
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Via holes for the PDMS tubing interconnects were cast into the PDMS 

microchip from the master mold. Teardrop-shaped features on the master served as 

alignment seats for the tubing molds which consisted of a steel plug (tip: 356-µm 

diameter by 1.6-mm long, head: 1.6-mm diameter by 305-µm wide) inserted into a 

piece of PVC peristaltic pump tubing (Irama Corp. Milwaukie, OR, 129 µm ID x 1.94 

mm OD). The plug was used to magnetically fixture the tubing during casting36—

magnets were placed under the silicon master to hold the plugged tubing in place and 

upright. The SU-8 alignment seats were arranged in patterns to optimize the footprint 

of the interconnect pattern while taking advantage of the magnet sizes (K&J 

magnetics, Jamison PA), shapes, and magnetization.  

Bonding the PDMS tubing to the PDMS microchip was performed by 

exposing both the PDMS chip and the tubing to an oxygen plasma. Immediately after 

removing the PDMS pieces from the plasma, the methanol-water mixture was dropped 

into the via holes and the tubing was also dipped to preserve the plasma activated 

surface and to provide lubrication during insertion. The tubing (previously cut at a 

slight angle) was aligned such that the tip of the tubing was opposite the microchannel 

and then it was pushed into the via hole until it was visibly flush with the bottom, 

ensuring a fluidically connected pathway while minimizing volume. The assembly 

was then placed in an oven at ~50°C for ~20 min to allow the methanol to evaporate 

and the PDMS-PDMS plasma bond to form.  
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Reagents 
 

Potassium thiocyanante (J.T. Baker), iron(III) nitrate (J.T. Baker), and 

perchloric acid were used to prepare Fe(III) and SCN- solutions (0.5 and 0.05 M, 

respectively, with iron in excess)37 for the mixing and flow cell characterizations. Iron 

wire was used to prepare iron standards by acid dissolution. An acetate buffer (~9.25 

M, ~pH 4.5) was prepared from ammonium acetate (EM Science) and glacial acetic 

acid (Fisher, ACS (+) grade). A 10% (w/v) hydroxylamine (Mallinckrodt) solution 

was prepared for reducing iron(III) to iron(II). Buffer and hydroxylamine solutions 

were purified separately by flowing through a chelating resin (BioRad Analytical, 

Chelex 100, (-)100-200 mesh) to remove iron contamination in a procedure similar to 

that used by Campi and Ingle. for aluminum.38 A 0.1% (w/v) OP solution was 

obtained from VWR. Hydroxylamine solution, acetate buffer solution, and OP 

solution were combined to make a mixed reagent solution (0.01% w/v in OP, 0.1%  

w/v in hydroxylamine, in a 0.925 M, pH~4.1 acetate buffer). With this reagent, the 

combined Fe(II) and Fe(III) concentration was determined.   

A water soluble laser dye (ADS645WS, λmax ~ 645 nm, American Dye Source, 

Quebec Canada) was added to the reagent and used to determine the system dilution 

factor and to observe mixing. A NIST certified iron standard was obtained from Hach 

Company (Loveland, CO; 1000±10 mg/L in iron as iron(III) nitrate) for validation. 

The NIST standard was diluted twice to a concentration of 8.95 µM and the pH was 

adjusted to 2.5 with HCl (EM Science). An environmental sample was obtained from a 

sampling well (3” ID and 24” deep) installed in a wetland on the Oregon State 
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University campus. Briefly, several well volumes were pumped with a battery 

operated peristaltic pump before collecting the sample in a glass bottle that contained 

HCl to acidify the sample to ~pH 2. The sample was analyzed with the complete 

microlfluidic device within 1 hr of collection without performing any sample 

treatment other than the initial acidification (to minimize iron adsorption and oxidation 

of Fe(II)).   

 

µTAS 
 

The final geometry for the microfluidic chip which integrates the mixer and 

flow cell is shown in Figure 14. The flow cell pathlength in the final device version 

used for iron was 0.826 cm and the height was 240 µm resulting in an actual detection 

(cell) volume of 0.4 µL. Based on the mixing efficiency experimental results, a mixing 

length of ~2.3 cm (serpentine channel in Figure 14) for the final µTAS was used. The 

height of the final mixing channel was ~110 µm yielding a total mixing volume of 

0.13 µL for the microchip used for iron analysis with OP.  

An Ocean Optics halogen light source and miniaturized diode array 

spectrometer were coupled to the device via the optical fibers inserted into the chip. 

Solutions were monitored at 450 nm to determine the analytical signal (chosen to 

eliminate interference from the aforementioned laser dye) and 900 nm where there 

was no analytical signal. The difference between these absorbances provided a 

baseline-corrected value for all blanks, samples, and standards. The spectrometer was 
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connected to a laptop computer for data acquisition. The micropumps used 190-µm ID 

PVC tubing (Irama Corp. Milwaukie, OR), were controlled via a DAC (National 

Instruments USB-6008) with a Labview program, and were equipped with a back-

EMF controller to maintain a constant motor speed.  

The testing of the complete device was performed with 5 mL beakers as 

reservoirs that were sampled with 100-µm ID capillary polyetheretherketone tubing 

(360-µm OD) inserted into the PDMS tubing interconnects. This formed a relatively 

robust and facile connection that was also used to connect the interconnects to the 

peristaltic pump tubing. Both pumps were operated at a nominal flow rate of ~8 

µL/min (~16 µL/min total when mixing). The signal was monitored at all times, but 

the analytical signal was extracted after the pumps had turned off, transient signals had 

disappeared, and the reaction appeared to be complete as indicated by a stable 

absorbance (~1 min).  

The 100% transmittance setting was acquired by pumping only sample (iron 

standard or water; no filtration) into the device. The absorbances of samples were 

measured after mixing the reagent and sample. All absorbances were baseline-

corrected and standard and sample absorbances were blank corrected using one of two 

methods for determining the blank. For standards and the NIST standard sample, 

reagent blanks were measured by mixing 18 MΩ water with reagent in the device and 

this method was also used to determine the instrumental detection limit. For the 

environmental sample the well water and mixed reagent were measured independently 

and then the sum of half the individual absorbances (assuming dilution factor of two 
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and that the respective blank absorbances are additive) was used as the blank, as 

illustrated by equation 3:  

   
22

,, undilRGTundilSMPL
BLNK

AA
A +=      (3) 

where ABLNK is the calculated blank absorbance, ASMPL, undil is the natural absorbance 

of the sample unmixed and undiluted, and ARGT is the dyed-mixed reagent absorbance.  

The method detection limit was estimated from several of these calculations. 

Sample absorbances were acquired similarly by mixing reagent with sample. The 

signal with only reagent was also recorded. Duration of analytical signal collection for 

a given sample varied from 60 s to 1 hr in order to observe stability, drift, bubbles, etc.  

 

Results and Discussion 

Components 
 

The PDMS tubing interconnection bonded into the PDMS microchip is shown 

in Figure 15. Directly bonding, and therefore integrating a PDMS interconnect into the 

system was found to dramatically reduce failure (e.g. leaking, bubble introduction, 

material failure) of this often problematic part of the microfluidic device. The PDMS 

tubing interconnects could also be used directly as tubing or as peristaltic pump 

tubing. Originally, the PVC pump tubing was embedded into the PDMS microchip 

and used directly as an interconnect. This method resulted in a connection that did not 

leak at tested pressures up to 25 psi, but it was less robust and accounted for ~30 % of 
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chip failures such as leaking, introducing air, or separation from the chip. By bonding 

PDMS tubing to the PDMS microchip, this failure point was completely eliminated.  

The results of the mixing efficiency experiment were compared to the results 

predicted by a Comsol Multiphysics model (dilution model, 2D) and are shown in 

Figure 16. Complete mixing occurred in ~0.27 s, and at a net flow rate of 10 µL/min, 

5 mm was an adequate mixing length. The final mixing length of 2.3 cm was used to 

accommodate higher flow rates and provide a mixing safety factor. 

Various flow cell designs with features including a 1-mm pathlength, PDMS 

lenses,23, 24 dye-filled channel slits,23 and other light masking features were explored. 

In general, the 1-cm pathlength cell performed adequately in terms of light throughput 

and stray light (masking/slit features had negligible effect). For most studies the chip 

was covered with a black cloth. In future in-situ applications, the chip will be 

packaged and thus shielded from light. The 120-µm thick windows between the flow 

cell and fiber optics were more robust during fiber insertion. Smaller, 60-µm thick, 

windows were found to be much more susceptible to tearing during fiber insertion. 

The largest factor affecting light throughput was the quality of the optical fiber 

tips used in the flow cell. With well-cleaved fibers the flow cell had similar throughput 

to the Ocean Optics 1-cm pathlength cuvette holder with fiber optic cables (integration 

time between 5-15 ms for both systems). The calibration data for the integrated mixer-

flow cell and the premixed solutions in a bench-top spectrometer compared well, as 

shown in Figure 17.  
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The pulsatile effect of displacement pumps is magnified in the reduced cross-

sections of microchannels. The 6-roller actuator used provided a smoother flow 

compred to rather the 3-roller actuator previously presented. The 6-roller generates a 

higher pulse frequency with smaller pillow volumes which results in more favorable 

confluence in the mixer. Combining two of the micropumps and operating them in the 

device provided for accurate dilution of a dye based on the stopped flow absorbance 

signal and oscillations at the mixer confluence due to pulses were comparable to the 

commercial peristaltic pump with the same tubing size.  

The 3-roller pump previously reported was demonstrated to valve up to a 

differential pressure of 50 psi. The pump demonstrated a continuous flow rate stability 

over 2 hr of ~5% relative standard deviation (RSD) which was comparable to the same 

tubing in a commercial 8-roller pump. The long term stability was tested daily and 

after a 5-day break in period the RSD was 8% over the next 20 days. Actuation 

frequency (RPM) can be varied to provide a linear flow rate range spanning 0.65-40 

µL/min.35  Complete compression of the tubing provided a normally-closed valving 

functionality for the pumps which keeps the reagent from becoming contaminated.  

 

µTAS 
 

Pump tubing was either changed after a period of 4 or 7.5 weeks, accrued a 

total time actuated equivalent to 5 days, and currently is considered adequate for a 1 

month deployment. Tubing wear is often indicated by a greater propensity of the 



 

 

63 

pumps to generate bubbles. Bubbles, while generally not an issue, are commonly 

problematic in flow-systems and can cause rapid changes in the absorbance signal and 

noise. The baseline correction is effective at compensating for bubbles except when 

bubbles are relatively large (e.g., a bubble absorbance of 0.8 when the analytical 

absorbance is 0.2).  

The device self-primes and after rinsing at a total flow rate of ~16 µL/min for 

2 min, is purged of most air. At a flow rate of ~8 µL/min, the time it takes to fully 

flush the sample inlet to the detection volume was also ~2 min and thus the device 

must be rinsed this long to acquire a unique sample. Note that the system was not 

optimized for response time and interconnecting tubing could be shortened or the flow 

rate could be increased during sampling to reduce the rinsing time. During replicate 

measurements (flushing of the volume from the mixer to the detection volume), the 

detector signal responds to mixing in ~21 s. However, due to out of phase flow at the 

mixer confluence, oscillations of the absorbance during pumping had a period of ~20 

s. Generally the pumps were stopped after 2-3 oscillations resulting in a reagent 

volumes of 5-10 µL per analysis. To ensure that the reaction is complete signal was 

generally observed for 1-2 min at room temperature.  

An example of the absorbance data for a 9.62 µM iron standard is shown in 

Figure 18. The pulsatile nature of the pumps created out of phase reagent and sample 

flow at the mixing confluence. Microscopic observation of the mixing of dyes verified 

that this phenomenon resulted in distinct plugs of unmixed solution and hence varying 

dilution factors in the fluid stream. During mixing, oscillations are also often observed 
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in the analytical signal and are assumed to be indicative of an inhomogeneous fluid 

stream. However, as evidenced by a lack of drift during data acquisition and the 

linearity of calibration plots, then effect of any inhomogeneity in the detection volume 

is negligible. The dilution factor was assumed to be constant and based on dilution of 

the dye it was determined to be 2 (i.e., equal flow rate of sample and reagent) with an 

RSD of 3% (n = 15).  

An average of three calibration plots for the device, performed at intervals over 

a 7.5 week period, is shown in Figure 19. The calibration plot is linear, it is consistent 

over time, and the calibration slope compares well to the slope determined in a bench-

top spectrometer after pathlength normalization. These data also demonstrate the 

stability of the mixed reagent which was used throughout the 7.5 week period. The 

device has similar calibration sensitivity and limit of detection to a microfluidic flow-

injection analysis using the same colorimetric method with a 2-cm liquid-core 

waveguide.12  

The well water sample measured in the µTAS was determined to contain 6.0 

µM iron with an RSD of 15% (n = 10; replicate measurements of the same sample) 

and this was 10% different from, 5.4 µM, the value determined with the bench-top 

spectrometer. The estimated detection limit for the wetland water sample was 

determined from the blank calculation demonstrated in equation 3 and was 1.9 µM 

(3σ, n = 10; σ = 3x10-3 AU). This could potentially be improved by filtration of the 

groundwater. Iron in the NIST standard treated as a blind sample was determined with 

4% error compared to the prepared iron concentration. The RSD of the absorbance of 



 

 

65 

the highest standard, 38.4 µM, was 10% without baseline correction but was improved 

to 2.8% (n = 13) with the correction. The instrumental limit of detection determined 

from measurement of reagent blanks (3σ, n = 10; σ = 2x10-4 AU) was estimated to be 

0.2 µM.  

 

Conclusion 
 

We have successfully developed a miniaturized microfluidic platform for 

colorimetric water quality monitoring. The micromixer provided effective mixing for a 

small footprint, low volume device. Once integrated with the optical flow cell, 

performance was similar to a conventional 1-cm cuvette. Fiber optics were easily 

integrated by inserting them into microfabricated guide channels. Out-of-phase 

pumping due to two peristaltic pumps did not affect quantitation. Tubing, reagent 

volumes, and reagent stability are all adequate for a typical deployment duration of 4-

12 weeks.  

For the ultimate application of in-situ monitoring, it was evident that some 

components are more appropriate in a modular rather than an integrated format either 

due to cost or the need for maintenance. Robust and flexible interconnects that are 

directly bonded to the microchip were developed to connect the modular components 

of the system. Integrating and combining these components generated a functional 

device that was successfully used in the analysis of iron.  
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The limit of detection and sensitivity were comparable to a traditional bench-

top analysis and device calibration data agree well over a 7.5 week period. A NIST 

iron standard treated as a blind sample was determined with 4% accuracy. An 

environmental groundwater sample was brought to the lab and measured in the device 

without any sample pretreatment besides initial acidification.  

The ultimate goal is a remote, in-situ, and completely miniaturized 

microfluidic instrument for spectrophotometric water quality monitoring. With that 

goal in our sights we are endeavoring to employ the components described in this 

paper in water-proof packaging, complete with control electronics & software, a 

miniature diode array spectrometer & LED, reagent storage, and a sample-to-chip 

interface. 
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Figures 
 

 
 
Figure 10. Block diagram of microfluidic device for spectrophotometric water quality 
monitoring. Illustrates components used for the colorimetric analysis and  
fluidic pathways. 
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Figure 11. Micropump. a) top view showing 6-roller actuator, polycarbonate housing, 
and tubing. b) Side view showing two pumps, mini-motors, and mounting bracket. 
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Figure 12. Photo of the Y-mixer with geometric focusing during mixing of Fe3+ and 
SCN-. a) Mixing channel: 50-µm wide and 3.5-cm long. b) Feed channel: 100-µm 
wide and all channels have ~100-µm depth. c) Confluence point: the colored streak in 
the channels center is due to the formation of FeSCN2+. 



 

 

73 

 
 
Figure 13.  A photo of the flow cell. a) Fiber optics in guide channels (200-µm core 
diameter, 250-µm OD). b) Inlet to flow cell from mixer (alternate layer). c) Flow cell: 
1-cm long, 200-µm wide, and 260-µm deep (split figure not to scale). d) 120-µm thick 
PDMS window. 
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Figure 14. Graphic of the integrated mixer and flow cell geometry. The flow cell (e), 
fiber guides (d), and external environment interconnects (a; inlets and outlets) are in 
one PDMS layer (grey), while the mixer (c), serpentine mixing channel, and 
micropump interconnects (b) are in another layer (black). 
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Figure 15. Photos depicting PDMS tubing interconnects bonded into the PDMS 
microchip. Top image displays 4 PDMS tubing interconnects bonded into the 
microfluidic chip. Lower image is a composite 3D close-up of the interconnect-chip 
interface. 



 

 

76 

 
 
Figure 16. Dependence of mixing efficiency (%) on mixing length. The net flow rate 
was 10 µL/min from absorbance cross sections (mixing Fe3+ and   SCN- ). Compared 
to a Comsol Multiphysics dilution model. The model and experimental data agree 
within a factor of 2; the model is 2D, does not account for multiple species or reaction 
kinetics, and the diffusion coefficient used was the average of the species mixed (as 
calculated from the conductivities of Fe(NO3)3 and KSCN). 
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Figure 17. Absorbance calibration curves of FeSCN. Comparison of integrated mixer 
& flow cell and premixed solutions measured with an Ocean Optics spectrometer. 
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Figure 18. Example of device analytical signal for a 9.62 µM iron standard showing 
three successive mixing (shaded) and pumps-off reading cycles. The inset is a portion 
of the same data viewed on a shorter time scale to illustrate the oscillations in 
absorbance during mixing (20-s period). 
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Figure 19. Average of three calibration plots (1-28-09: A = 0.0040*C – 0.0035, 2-2-
09: A = 0.0037*C – 0.0015, 3-31-09: A = 0.0038*C – 0.0014) for iron determined 
with the 1,10-orthophenanthroline method (blue triangles, solid line). Compared to 
calibration from an Ocean Optics benchtop spectrometer (hollow red squares, dotted 
line, pathlength normalized). The ± in the calibration equation refers to 1 standard 
error from the linear regression while error bars indicate ± 1 standard deviation (n = 3; 
aforementioned calibration plots) of the data at the given concentrations. 
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Abstract 

 An autonomous and in-situ micro total analysis system (µTAS) has been 

developed as a platform for colorimetric water-quality monitoring. The device can 

autonomously acquire a sample, mix it with reagent, and perform spectrophotometric 

detection. The microfluidic components include a modular microfabricated filter chip, 

a miniature reagent storage bag, an integrated micromixer and an absorbance flow 

cell, and modular micropumps. The self-gasketing polydimethylsiloxane microchip 

provides for a device-to-environment interface and contains most components in 

cylindrical waterproof canister (2 3/8” OD x 11” long). A miniature multiwavelength 

spectrometer, LED, control/data acquisition electronics, and the batteries which 

facilitate operation and detection for the µTAS are also contained in the canister. 

Following laboratory validation of the individual fluidic components and the complete 

device, the system was submerged in a groundwater monitoring well to perform iron 

monitoring in a wetland. The device was deployed for 2.5 days and all measured iron 

levels were near the detection limit (1 µM; 18 MΩ water sample) for the µTAS and 
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the benchtop validation method (also 1 µM). Calibration data of the device were in 

excellent agreement with those of the benchtop method. For water-quality monitoring, 

the system is, to our knowledge, the smallest complete system developed, the first 

demonstration of microfluidic, in-situ, water-quality measurements, the first µTAS 

determination of iron in an environmental sample, and a true departure from the bulky 

benchtop µTAS.  

 

Introduction 

The ultimate aspiration for developing micro (or miniature) total analysis 

systems (µTAS) is to integrate all steps (sampling, sample treatment, and detection) 

into a single miniaturized platform that can be very near to the sample.1 The field of 

microfluidics has produced many sophisticated chips, methodologies, and macro-to-

micro interfaces, but systems are often connected to bench-top equipment such as 

pumps, detection systems, and power supplies.2-6 The next critical step in the evolution 

and implementation of µTAS is to miniaturize the parts of the system that are much 

larger than the microfluidic chips. To implement µTAS in in-situ or portable 

applications complete miniaturization must be addressed. 

In-situ environmental monitoring is a difficult task because instruments must 

be able to autonomously and reproducibly perform an entire analysis over extended 

time periods. Sample preparation is often restricted, frequent standardization is more 

difficult, and reagent volume is limited. Raw samples, fluctuating conditions, and 
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harsh environments can rapidly take a toll on instrumentation, and regular 

maintenance is not possible. These factors make it particularly challenging to apply 

microfluidics to water-quality monitoring. Chips must not clog or foul. Pumps must 

have long lifetimes and stable flow rates. Temperature, sample ionic strength, pH, 

particle load, and composition can change dramatically over time at a given site and 

devices/methods must be able to function properly despite these changes. Most 

challenging is that the off-chip components that power, control, and transduce 

information for microfluidic chips must all be miniaturized.  

Despite the challenges, microfluidics also seems naturally suited for in-situ 

water-quality monitoring. Integration of steps and components along with micrometer 

dimensions results in much smaller analysis volumes. Minimizing diffusion distances 

enhances mass-transfer driven processes such as mixing and separations. Smaller 

volumes and more rapid analysis times can lead to less power consumption and less 

reagent consumption. These advantages could result in longer deployments, a lower 

probability for fouling, and of course, a much smaller device size. Miniaturized 

instruments have less environmental impact and can be deployed in more varied and 

difficult sampling situations (e.g., groundwater monitoring wells or submersibles). 

The application of microfluidics to environmental monitoring is best 

summarized by Marle & Greenway.7 Spectrophotometric environmental monitoring in 

µTAS has been used for several important water-quality analytes: phosphate,8-10 

nitrite/nitrate,11, 12 and ammonia.13, 14 Many of these devices require bench-top 

components to operate, are unable to directly sample the environment, and none are 
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capable of in-situ measurements. More recently, the Adaptive Sensors Group in 

Chemical Sciences at Dublin City University, has further advanced this endeavor by 

developing an autonomous system for phosphate measurement which was deployed at 

a wastewater treatment plant, measured river samples, and is capable of wireless 

communication for remote data transfer and control.9, 15 The research presented here 

further advances the field by miniaturizing all of the instrumental components, 

addressing the environment-to-chip interface, and focusing on an in-situ microfluidic 

instrument.  

There is also extensive literature about in-situ instrumentation and submersible 

commercial instruments, primarily in oceanography, that are not microfluidic in 

nature. From this work that the advantage of in-situ microfluidics becomes clear.16, 17 

These systems are often reagent and power limited due to large volumes and 

expensive power budgets (commonly related to the volumes pumped). Additionally, 

the instruments, although miniaturized, are often still large and bulky. A critical issue 

with in-situ instrumentation microfluidics is the waste (often hazardous) that must 

either be collected or released into the environment. The waste from current in-situ 

instruments could be minimized by the application of microfluidics, smaller sizes can 

open up new sampling applications while reducing device cost, and reagent & power 

limits could be extended. 

Ferric and ferrous iron are an important redox couple in groundwater 

monitoring for remediation purposes and for investigating subsurface 

biogeochemistry. The UN Food and Agriculture Association set a limit of 5 mg/L iron 
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in irrigation waters, and for drinking water, the EPA MCL standard is 300 µg/L.18 At 

nanomolar levels, iron is of great import in oceanography, where it is thought to be the 

limiting micronutrient in phytoplankton growth of the southern hemisphere.19 

One of the most used colorimetric reactions for determination of iron is 

complexation of Fe(III) with 1,10-orthophenanthroline (OP).18, 20 Three OP ligands 

react with ferrous iron to form an orange-red colored complex with an absorption 

maximum at 510 nm. Measurement of ferric iron is performed by reducing the Fe (III) 

in the sample to Fe (II), usually with hydroxylamine. Total iron is determined after 

acid digestion and dissolved iron is arbitrarily assigned as the iron in a sample which 

passes through a 0.45-µm filter.18  

The determination of iron with the OP method is well suited for microfluidic 

applications because one combined reagent can be used to simultaneously buffer the 

sample, reduce Fe (III), and form a chromophore with Fe (II). This method was 

implemented successfully in a microfluidic system for high-throughput, gravity-

driven, flow-injection analysis.21 We demonstrate the utility of the method for water-

quality monitoring using a stop-flow methodology in a device intended for 

autonomous & in-situ measurements.  

The microfluidic components include a modular microfabricated filter chip, a 

miniature collapsible reagent storage bag, an integrated micromixer and absorbance 

flow cell, and modular micropumps. A miniature spectrometer, LED, control/data 

acquisition electronics, and batteries are housed in compact 2 3/8” x 11” waterproof 

canister with the pumps and integrated mixer-flow cell microchip. Independent 
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characterization of many of the system components is reported in a recent work.22 

Also in the previous work, the performance of a µTAS suited for compact analysis 

(not autonomous or in-situ) was compared to a benchtop analysis and used to analyze 

an environmental ground water sample brought to the laboratory.  

In this work we present the development and characterization of the 

microfabricated filter chip, the collapsible reagent bag, the waterproof canister, the 

electronics/software, and the use of an internal dye standard to monitor the dilution 

factor. The complete development of an in-situ µTAS for the determination of iron is 

the focus, and the utility of the device is demonstrated by submersion in a ground 

water sampling well for 2.5 days. In-situ measurements are compared to those from 

samples taken conventionally and measured with a bench top instrument.  

 

Experimental 

Device Microfabrication 

Microfabrication was performed by replica molding polydimethylsiloxane 

(PDMS) (Sylgard 184, Dow, 10:1 ratio of base:curing agent) cured at 100 °C for 10 

min. Molds were made from SU-8 (Microchem, SU-8 2015, 2050, 3050) lithographic 

masters patterned on silicon substrates with a maskless exposure tool (SF-100, 

Intelligent Micro Patterning, St. Petersburg, FL). PDMS chips were either conformally 

sealed or plasma bonded to glass slides or to another PDMS microchip after a 30-s 

exposure in a home built oxygen plasma at 100 mTorr and a RF power of 20 W.23, 24  
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The integrated mixer-flow cell PDMS microchip is a 2-layer device that 

contains PDMS tubing interconnects bonded into the chip, as described previously,22 

to interface with the filter chip, reagent bag, and micropumps. Fluidic interconnections 

for characterization of most of the components were formed by plasma bonding 

Upchurch Nanoports to PDMS with the supplied adhesive rings.25 

 

Reagents 

Reagents were prepared as described previously.22 Hydroxylamine solution, 

acetate buffer solution, and OP solution were combined to generate a mixed reagent 

solution (0.01% in OP, 0.1% in hydroxylamine, in a 0.925 M, pH ~4.1 acetate buffer). 

With this solution both Fe (II) and Fe (III) concentrations are determined 

simultaneously. A water-soluble laser dye (ADS645WS, λmax ≅ 645 nm, American 

Dye Source, Quebec, Canada) was added to the reagent at a concentration of ~8.3 µM. 

A NIST certified iron standard was obtained from Hach Company (Loveland, CO; 

1000  ±10 mg/L in iron as iron (III) nitrate) to prepare iron standards for calibration 

(standards adjusted to ~pH 2).  

 

Design and Characterization 

The standard operations of a spectrophotometric analysis dictate the 

microfluidic components that must be included in the µTAS. Sample acquisition and 

chemical conversion to a colored product require reagent storage, fluid delivery, and 
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mixing. Subsequent spectrophotometric detection necessitates an optical flow cell 

complete with light source, detector, and optics. An in-situ device must be protected 

from the elements by the appropriate packing and an underwater device must be 

pressure balanced (i.e., reagent storage, sample inlet, and waste outlet must not 

experience a differential pressure due to submersion).  

Environmental samples are generally ‘dirty’ and, in the least, must be filtered. 

Sampling also requires some type of world-to-chip interface. An autonomous and in-

situ device needs on-board electronics and software to operate. Figure 20 is a 

representation of the device platform for microfluidic water-quality monitoring. The 

selected components must be selected to minimize energy consumption and chip 

footprint for lengthy deployments and to permit a small device size that is amenable to 

novel and challenging monitoring applications.  

Briefly, the fluidic components presented in the previous work include: 

integrated polydimethylsiloxane (PDMS) tubing interconnects bonded into the 

microchip, a passive Y-micromixer with geometric focusing, a 1-cm pathlength 

microfluidic absorbance flow cell, and mini-motor driven peristaltic micropumps with 

normally-closed valving capacity.22 The micropumps and the filter chip are modular, 

and hence exchangeable, due to an expected higher failure rate, from clogging and 

tubing wear, relative to the other components. 
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Filter 

The microfabricated filter was based on a design in which samples flow 

perpendicularly into the filter bed and then must travel through it laterally. The design 

was originally developed for in-reservoir use and tested with biological samples.26 The 

design characterized consisted of an array of 50 x 50 µm posts that are 100-µm tall, as 

shown in Figure 21. Also shown are different filter designs with a staggered post 

arrangement, to provide for a more tortuous pathway, and shorter posts to minimize 

filter volume. The pore size is defined as the diameter of theoretical circle that fits 

between the posts. The filter consists of two PDMS layers, conformally sealed (to 

permit cleaning and re-use), one of which contains the post array and a plasma-bonded 

PDMS interconnect while the other serves as a sealing layer.  

The viability of in-situ filtering of ‘dirty’ environmental samples was evaluated 

by immersing filter chips into a beaker of stirred river water (Willamette River, 

Oregon USA) and sucking water into the chip with a peristaltic pump (Watson-

Marlow Alitea C-XV). The flow rate was monitored gravimetrically, the filter was 

visually inspected using a microscope, and a control experiment (filter design without 

post array) was used for comparison. 

 

Reagent Bags 

Making the reagent storage container flexible and collapsible is necessary for 

submersible applications so that pressures can equalize between the inlets and outlets 
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of a flow device. Using a suitable reagent bag for storage prevents a vacuum from 

forming as reagent is removed. Bags can be used in environments at different 

pressures than they were filled in (e.g., under water). This technique is used in larger 

in-situ, nutrient analyzers; however, a microfluidic device requires small volumes of 

reagent, ~2-10 µL per analysis, and thus quite small reagent bags (~0.5-2.5 mL) were 

fabricated.  

Bags were formed from several heat-sealable plastics: Teflon, PEEK (both 

Zeus, Inc. Orangeburg, SC, USA), polyethylene (FoodSaver and McMaster-Carr 

storage bags), and layered static shielding bags which consist of polyethylene, 

aluminum, polyester, and a static dissipative layer (Uline, layered respectively, from 

inside to outside and chosen because the aluminum layer could provide a barrier to gas 

diffusion for redox sensitive reagents). A commercial FoodSaver heat-sealer (Jarden, 

Corp. Compact II), a soldering iron, or a heat gun was used to heat-seal the plastics. 

The Foodsaver device provides the simplest and fastest sealing, but it does not achieve 

high enough temperatures to heat-seal Teflon or PEEK. The bags were made by first 

sealing two pieces (~2.5 cm x 3.5 cm; trapezoidal with the sealed corners cut slightly 

to minimize the bag size) of plastic on three sides, leaving the top unsealed for fluidic 

connection.  

Fluid connection to the bag was made by sealing a ~1-cm long piece of 

capillary PEEK tubing (100-µm ID, Upchurch Scientific, Oak Harbor, WA) into the 

bag using an adhesive tape. Two pieces of 3M bonding film (#583, solvent or heat 

activated, ~8 mm x 4 mm) were used to sandwich the tubing at a point along 1/3 of its 
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length. The tubing and bonding film were then inserted into the center of the unsealed 

top of the reagent bag. The bag was then heat-sealed below the adhesive sandwich, 

along the lower 1/3 of the length of tubing, leaving a couple millimeters of tubing 

extending inside the bag. A small volume of acetone (~50 µL) was then dripped onto 

the adhesive sandwich in order to assist in activation of the bonding tape. The area of 

the bag in contact with the tape was then heat-sealed proceeding from bottom to top.  

Bags were filled by slipping the capillary PEEK tubing inlet into a piece of 

PVC peristaltic pump tubing (Irama Corp., Milwaukie, OR, 129 µm ID x 1.94 mm 

OD) which was connected to a luer-lock needle attached to solution filled syringe. The 

bag was first emptied of air by aspirating with the syringe and then filled with fluid by 

dispensing the reagent. A second aspiration/filling step was often needed to remove air 

bubbles in the bag. 

It was found that a high–molarity, acetic acid buffer (~18 M, combined acid 

and conjugate base, pH = 4.6) eventually deteriorated the materials in the static shield 

bags. The aluminum layer was visibly deteriorated, and after some time, the bags were 

found to leak. Storing the same buffer in Teflon bags eventually (~2 weeks of storage) 

led to failure of the surface bonding tape. For the lower molarity buffer (~1 M) used in 

the iron analysis, simple polyethylene FoodSaver bags provided stable storage of  the 

buffer for at least 6 weeks. If the bags are squeezed such that a high internal pressure 

develops, they can fail due to rupture at the bag-bonding tape-PEEK tubing interface. 
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Dye Dilution Factor Correction 

The absorption band of iron orthophenanthroline only spans a fraction of the 

spectrum (Figure 22) leaving other regions of the spectrum unaffected by the analysis 

and available for obtaining information from the system about potential 

errors/deviations in the analytical signal. One such example is a baseline correction to 

reduce wavelength-independent baseline shifts. Second, a water-soluble laser dye was 

added to the mixed reagent, utilizing another portion of the spectrum, to serve as an 

internal standard to determine the dilution factor (DF). This dye was selected for its 

spectrum, high absorptivity of 1.80 x 105 L mol-1cm-1, good solubility of 10 mg/mL in 

water, and its low cost. The spectrum of iron orthophenanthroline is shown overlapped 

with the dye spectrum in Figure 22 and the DF correction is also demonstrated.  

To determine the DF, the dyed-mixed reagent absorbance (baseline-corrected; 

described later) is determined, and then divided by the dye absorbance from a sample 

measurement (i.e., after dilution with the sample), as illustrated in equation 4. The 

sample DF can then be calculated as shown in equation 5.  

    
dil

undil
RGT A

A
DF

,645

,645=          (4) 

    
1−

=
RGT

RGT
SMPL

DF
DF

DF         (5) 

where A642, undil and A642, dil are the absorbances of the undiluted and diluted dyed-

mixed reagent, respectively (baseline-corrected). DFSMPL is the sample dilution factor 

and DFRGT is the reagent dilution factor.  
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To determine the accuracy of this method, a series of independent dilutions of 

the dyed-mixed reagent with water were prepared using volumetric pipettes (volumes 

10 mL and greater). These absorbances were then measured in a cuvette with a 

benchtop spectrometer (USB 2000, LS-1 tungsten-halogen lamp, Ocean Optics, 

Dunedin, FL), and the calculated DFRGT values were compared to the expected 

volumetric values.  

 

Detection, Electronics, and Software 

A warm-white LED (OSRAM PN: LCW E6SG-V1AB-4R9T-Z; ~20 mA) was 

chosen as a low power and stable source which illuminates a broad portion of the 

spectrum with sufficient intensity at the analysis, dye, and baseline correction 

wavelengths. A Zeiss miniature diode array spectrometer was chosen for detection. 

The spectrometer has outside dimensions of 3 cm x 4 cm x 4 cm and consists of an 

entrance slit formed by a fiber optic bundle, a spectrograph, a 256-element diode 

array, and electronics that provide an analog video signal, clock, and control inputs. 

The spectrometer has a range of 300-1100 nm and a resolution of 10 nm. 

A multiwavelength detector and associated optics, while being larger and more 

expensive than detectors that cannot discriminate wavelengths (e.g., single 

photodiodes), provides spectral information that can enhance the quality of data (e.g., 

baseline and DF corrections). Also, the spectrometer, allows for different colorimetric 

chemistries to be used in the device without reconfiguring the optics. Spectrometers 
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generally provide better resolution than the optics used with single photodiodes (e.g., 

discrete LEDs and/or optical filters) which can minimize spectral interferences. The 

source and spectrometer were interfaced to the microfluidic chip with optical fibers as 

described in the previous study.22 A thermistor was placed inside the device near the 

microchip (away from the electronics) to monitor the temperature when the sample is 

taken.  

 The electronics were intended to be simple and were designed around an 

Analog Devices processor (ADuC842) intended for remote sensors that can handle 

data acquisition, digital and analog control, and accurate time keeping while assuming 

a low power sleep state. Added components include memory, constant current 

circuitry for the LED, pump control circuitry, and a sample and hold/amplifier circuit 

for reading signals from the diode array spectrometer. The spectrometer video signal 

was digitized with the processor’s 12-bit analog-to-digital converter (ADC). The 

micropumps were driven with a back-emf controller that utilized a high frequency 

signal from the processors pulse-width modulators and varied the duty cycle to 

maintain a constant rpm (by monitoring motor current with another ADC channel). 

The LED circuitry was driven from the processors digital-to-analog converter (DAC).  

Six 1.5-V lithium ion AAA batteries (L92VP, Digikey) were used to generate 

~9 V to power the device. These batteries provide high storage capacity and uniform 

discharge properties that eliminated the need for complex power control circuitry. The 

thermistor was driven using a DAC and signals were read with an ADC channel. The 

processor was interrogated from a laptop with RS-232 serial communication. A 
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waterproof electrical cable and a bulkhead connector (micro 6-pin, Subconn Inc. Brant 

Rock, MA, U.S.A) were attached to the device to bring signals to the surface and 

allow for the data to be accessed or a program to be changed without disturbing the 

device during real-time monitoring. The bulkhead connector also allows the device to 

be powered from an external battery; however, the internal AAA batteries were used 

for the in-situ study. 

 Software was written in Visual Basic to provide both a monitor routine for 

real-time interaction with the device and an autonomous deployment mode for in-situ 

use. The software allows individual system components to be controlled (for testing), 

provides a file system for data collection/transfer, and implements a measurement 

schedule (e.g., sampling times) to use during deployment. Motor speeds (flow rates) 

can be varied for different stages of the analysis, averages and replicates can be 

performed, blank spectral measurements can be made (of the environmental sample), 

and the reagent spectrum (no sample pumping) can be measured separately to check 

stability/device performance. Variations in measurement time (between spectrometer 

reads of a given sample) can be programmed so that time dependent phenomena could 

be observed (e.g., kinetics, bubbles, etc.). The deployment program is flexible enough 

that these events can be programmed to fit the user’s needs; for example, the reagent 

absorbance could be checked every 6th sample or a stability test with a series of 

spectrometer reads (with or without pumping) could be done every 12th sample.  
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Canister 

 Shown in Figure 23 is a compact water proof canister fabricated from 2” PVC 

pipe (2 3/8” OD x 8” long). The sampling end of the package has a screen to protect 

the filter chip and reagent bag from large environmental debris (0.78” high). Complete 

canister dimensions, including the protective screen, and end caps, are 2 3/8” diameter 

and an 11” length (6 cm and 28 cm, respectively). Subsurface monitoring requires a 

slender profile that can fit into groundwater wells. In this application the length of the 

canister is less critical and was selected to fit all the components in the canister.  

Both ends of the PVC tube were sealed with an end cap. Made from Delrin 

plastic, the ‘plugs’ fit into the inside of the PVC tube and were bolted into the wall of 

the tube. The portion of the plug that fits into the PVC tube has an o-ring concentric 

with the tube to provide a waterproof seal. The top end cap serves as an extension of 

the canister to make the bulkhead connection and contains a removable bulkhead 

connector (~2” addition to length with a 2” OD and 1 7/8” ID) that plugs into a 

waterproof cable (~2.5” inflexible length) to allow access to the data while the device 

is underground.  

The bottom cap (3.5/16” thick) contains a hole to allow passage of the 

microchip interconnects into the sample. The integrated PDMS mixer and flow cell 

microchip was compressed against this face (with a piece of acrylic and 4 bolts that 

threaded through the chip and into the inside face to of the end cap as seen in the 

bottom of the photos in Figure 24). Hence, the microfluidic chip serves as the gasket 

for the environment-to-chip interface.  
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This end cap also has an internal mounting bracket attached to it and holes 

along the edge of the outward facing side to mount the protection screen. The screen 

used to protect the external components (filter and reagent bag) was made from 

stainless steel, has openings ~2 mm square, and is fitted into a Delrin plastic ring that 

mounts to the plug face as aforementioned. The internal mounting bracket (0.8” wide 

x 1/6” thick x 8” long), is perpendicular to the end cap and used to mount the pumps, 

electronics, batteries, and spectrometer. The interior of the device with the mounted 

components is shown if Figure 24 (the electrical board for the bulkhead connector is 

not shown and thermistor placement is not shown accurately).  

The optical fibers must be fixtured carefully such that they do not break, slip 

out of the guide channels, or place undue stress on the chip. The strategy to secure the 

fibers was to fix each fiber so it can not move once the device is assembled (as shown 

in the bottom of Figure 24). The fibers are fixed into an assembly stack seated on top 

of the acrylic piece that compresses the microfluidic chip such that the fibers and the 

chip are moved/treated as a single unit. The fibers coming out of the sides of the 

PDMS chip were fixed with acrylate adhesive to a thin steel mounting bracket and 

stacked on top of the acrylic compression piece. The fibers then turn 90° upward and 

terminate in SMA connectors which are held with a set screw in an aluminum holder 

stacked on top of the thin steel piece, acrylic piece, and finally the microchip. Bolts 

run through the entire stack compressing it into the end plug.  

The surface mount LED is potted into a cylinder which is inserted into a 

cylindrical adapter with a SMA connector on one side. In this way the fiber is centered 
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under the blue LED die. The other fiber is connected with an SMA union to the fiber 

optic bundle of the spectrometer. The thermistor was mounted in contact with the edge 

of the microfluidic chip with double sided adhesive tape (not shown in Figure 24). 

 

µTAS 

The micro water monitoring device or µWMD was constructed as presented 

previously in Figure 20 (block diagram) and as shown in Figures 23 and 24. The 40-

µm pore size staggered post-array filter was used for the in-situ study.  The 

operational sequence is as follows. First the sample channel is rinsed by turning on the 

sample pump. The pump is turned off and a dark spectrum (defining 0% transmittance 

(T)) is acquired. The LED then turns on and warms up, and the spectrometer performs 

a reference measurement (the 100%T signal) related to the natural transmittance of the 

sample. The LED is then turned off and the reagent and sample are mixed. The pumps 

then are turned off, the device goes to sleep, and the reaction is allowed to proceed to 

completion. The device wakes back up and turns on the LED (with warmup), a sample 

measurement is made, and then the channels are rinsed with sample. At this point the 

above sequence can be immediately repeated for replicate measurements.  

A diagnostic run can be specified to occur at any time and was typically 

performed once a day (at least). A diagnostic run consists of first turning on the 

reagent pump (after a 0% T measurement) and measuring the reagent spectrum. This 

step is followed by a rinse (sample pump) step and then a normal run proceeds (as 
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described above) except for one exception. For both the sample plus reagent and 

sample spectra, a time delay may be inserted between subsequent spectrometer reads 

for the given sample (no pumps running in-between). This delay allows any time 

dependent phenomena (kinetics, bubbles, etc.) to be observed. 

The spectrometer has 256 diodes, an effective range from 307-1150 nm, a 

pixel coverage 3.3 nm/pixel, and a reported spectral resolution of 10 nm. The 

analytical wavelength chosen for the iron orthophenanthroline complex was 440 nm 

rather than the band maximum at 510 nm, to avoid overlap with the dye band (645 nm 

band maximum wavelength) and to match the optimum intensity of the LED. The 

baseline correction wavelength used was 702 nm for the same reasons.  

 

Deployment  

A groundwater monitoring well was installed in a seasonal wetland on the 

campus of Oregon State University, which lies in the Willamette River basin, to 

deploy the device. The installation was in a seasonally wet prairie (October to March; 

~130 cm/yr rainfall)27 (west of Irish Bend covered bridge) ~5’ “down-flow” from a 

seasonal pond.  

The well was constructed from a 4-ft length of PVC pipe (3.5” OD) and slots, 

2-mm wide, were cut 2/3 of the way into the sides of the PVC, 3” apart, with the slots 

alternating sides from the bottom of the well to ~6” from the top. The pipe was 

wrapped with landscaping cloth to keep the slots from clogging with clay and a hole 
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was dug in the ground with an auger. The top of the well was placed level with the 

ground, a layer of sand ~2” thick was filled around the well, and a residential valve-

cover box (level with the ground) was put around the well and capped. 

Two concentric caps were made for the top of the well, the outer having ¼-28 

fittings for sampling tubing while the inner was specifically intended for µWMD 

deployment. This cap had a hole for the bulkhead connector (used to hang the device; 

rubber washers used to minimize well exposure).  

After insertion of the casing, several well volumes were pumped out until the 

water had clarified which indicated that the disturbance of digging the hole had been 

somewhat abated. After the well had been in place for 3 weeks, the device was 

programmed to perform an autonomous measurement sequence, as described above, 

with samples at 1, 11, and 15:00 (the diagnostic run was performed at 11).  The 

µWMD was then lowered into the well such that the protective screen housing the 

filter and reagent was facing the bottom of the well at a depth of 3.5’, in the center of 

the slots, with the device completely submerged.  

Samples for laboratory analysis were taken with a battery-operated peristaltic 

pump connected to 1/8” OD x 0.08” ID (2 mm) tubing inserted into the sampling 

fittings on the well.28 The tubing height was adjusted to sample at a point 6” from the 

bottom of the well, in the center of the slots, at about the same point as the filter of the 

µWMD. The pump was operated at ~30 mL/min for 2 min (to flush the tubing) before 

collecting a sample in a 43 mL glass bottle. These samples were analyzed within an 

hour of sample collection, in a 1.2-cm pathlength vial cell with the aforementioned 
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Ocean Optics spectrometer.  This system was calibrated with the same standards and 

reagent used with the µWMD, by using 1-mL automatic pipettes (DF = 2). 

 

Data Processing 

After the stored spectral data from the µWMD are downloaded to the laptop 

(during or after deployment), the data are converted to a more useful form. For each 

spectrometer read, an entire spectrum is stored in the memory of the device, and the 

counts for 440, 645, and 702 nm are later extracted. These values are dark corrected 

(dark spectrum taken each run) and then the sample transmittance is calculated (ratio 

of the counts for the sample and reagent to the counts for 18 MΩ water measured in 

the µWMD pre-deployment) for the three wavelengths of interest. These 

transmittances are then converted to absorbances. A baseline correction is performed 

on the absorbances at 440 and 645 by subtracting the absorbance at 702 nm.  

The last baseline-corrected absorbance value at 645 nm for the undiluted 

reagent is then divided by the baseline-corrected absorbance at 645 nm for the mixed 

sample and reagent to determine the DF (as calculated with equations 4 and 5). During 

a diagnostic run, the undiluted reagent signal is measured and is converted to an 

absorbance and baseline-corrected as described for the sample, except using an 18 MΩ 

water counts value as 100% T signal. This absorbance can then be averaged with 

historical values if not significantly different from these values (decomposition can 

occur).  
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Next an effective blank absorbance is calculated based on the absorbances 

(also baseline-corrected) of both the dyed-mixed reagent and the natural water sample 

as shown in equation 6, which is a modified version of equation 3.22  

RGT

undilRGT

SMPL

undilSMPL
BLNK DF

A
DF

A
A ,, +=       (6) 

where ABLNK is the calculated blank absorbance and ARGT, undil is the dyed-mixed 

reagent absorbance. Then ABLNK is subtracted from the baseline-corrected sample 

absorbance at 440 nm. It can be shown that using the counts of the natural water 

sample as the 100% T signal for both the signals of the sample (mixed with reagent) 

and reagent, and then subtracting (ARGT, undil)/2 yields the same result as the correction 

illustrated in equation 6. 

A calibration curve (determined before deployment) was used to calculate a 

sample concentration based on the sample absorbance. The blank absorbance for the 

calibration data was measured directly (not calculated via equation 6) by mixing 18 

MΩ water and the dyed-mixed reagent (using 18 MΩ water as the reference). The 

absorbance of each standard was then blank corrected. The calibration slope is based 

on the original standard concentrations (i.e. pre-dilution concentrations). The sample 

concentration calculated from the calibration plot can be divided by 2 (calibration 

standard DFs ≅ 2) and then multiplied by the DFSMPL to obtain the DF corrected 

sample concentration as shown in equation 7. 

2
SMPL

DF
DFC

C
∗

=      (7) 
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where CDF is the concentration corrected for dilution factor and C is the concentration 

calculated from sample absorbances and the calibration equation. 

For the samples analyzed with the benchtop system, the baseline correction 

was performed by using the absorbance at 900 nm (based on Ocean Optics source 

intensity). The absorbances were corrected for environmental blanks by using equation 

6 to calculate the blank absorbance values. Blanks for the calibration data were 

obtained by mixing 18 MΩ water with reagent, and standard absorbances were blank 

corrected. The DF was monitored, but no correction was performed. 

 

Results and Discussion 

Filter Characterization 

Before deployment, the filter was independently evaluated by filtering 40 mL 

of river water continuously for 13.5 hr. There was no flow rate degradation or any 

clogging of the channel after the filter bed. The photo of a post-filtration filter bed is 

shown in Figure 25 illustrates the beginnings of a filter cake. In the control experiment 

a significant number of particles built-up in the post-filter channel after 1 hr of 

filtering. Even without a filter, the microchannel did not clog with relatively dirty river 

water.  

Groundwater, which is generally significantly less turbid than river water, was 

sampled by the uWMD in the lab for over 20 runs without any detrimental effects. We 



 

 

104 

hypothesize that the sample velocity into the device is so low (relative to most 

environmental flows or the stirring rate in the beaker used for filter characterization) 

that particulate matter is under-sampled. Additionally, because the µTAS pumps much 

smaller sample volumes than typical instruments, there is a lower probability that a 

clogging event can happen (for a similar flow path constriction and particle 

distribution/concentration). 

 

Laser Dye DF Correction 

For the independent dilutions of the laser dye, the DFRGT determined from the 

absorbance of the dye after dilution was in agreement with the volumetric DF. There 

was less than 5% difference between the calculated and volumetric dilution factor for 

the 7 dilutions measured. This result sets a lower limit for DF correction, indicating 

that if the DF is within 5% of the expected value, it is within the experimental error 

and the correction should not be performed. To verify no interference from the iron-

orthophenanthroline complex, the DF was also monitored throughout the experiments 

(bench-top and in µTAS) and the DF was generally within 5% of 2. 

The plot in Figure 26 (6 of 7 measurements; the extreme DF of 6 dominated 

the regression fit) indicates a good correlation between the calculated and the expected 

dilution factor. The absorbance at the analytical wavelength (450 nm) as a function of 

the dilution factor generated a relatively flat response as expected: 

A = -0.006 (± 0.01) x 1/DFSMPL + 0.008; where ± indicates the standard error 
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The slope near 0 suggests that refractive index differences caused by different dilution 

factors did not have a significant effect.  

Although the DF was generally 2, there were occasional cases where it did 

deviate by ~25%, in which case the correction can be useful for calculating more 

accurate Fe values. In such cases, the user must decide if the DF correction will 

improve accuracy, or if the DF measurement is in error. Hence, the internal standard 

serves to warn the user of an abnormal situation such as a bubble or clogging which 

can be a useful indicator of erroneous data. Additionally, the correction could be very 

useful as the device nears the end of its life and tubing wear or filter caking causes the 

flow rates to decrease significantly. Different flow rates are sometimes observed for 

different sections of the same commercial tubing. The DF correction can be useful to 

identify if the tubing should be replaced so that the pumps flow rates are 

approximately equal for the system. A ‘nominal’ system DF was always determined 

during device calibration prior to deployment.  

Table 1 lists the averages and relative standard deviations (RSD) from 10 

replicate measurements (using the µTAS) of the well water sample as described 

previously.22 The effect of the various corrections (baseline, blank, and DF) on 

precision is observed. These data illustrate an improvement in precision when the 

baseline correction. The DF-corrected concentration is less precise than the 

concentration based on the baseline-correction alone; however, neither the blank 

correction nor DF correction change the precision significantly.  
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Table 2 is a compilation of similar data for 4 replicate measurements of an 89.5 

µM standard measured with the µWMD during the pre-deployment calibration for the 

groundwater monitoring well. Again the precision improved with the baseline 

correction is made; however, the precision and accuracy decrease when the DF 

correction is made. Because the uncorrected concentration agrees well with the know 

value and the DF is ~20% different from the expected value of 2, it appears there is an 

error in the DF value. Hence, the DF correction should not be made. This behavior is 

likely due to the new tubing not being broken in prior to the measurement.  

  Matrix interferences can affect the accuracy of the DF correction (e.g., 

sorption to particulate matter) and should be thoroughly investigated before deciding 

to make the correction. Thorough characterization (second resolution monitoring of 

reaction progress with the benchtop system, pH measurement, comparison to model 

systems, etc.) of the analytical reaction and dye behavior with spiked environmental 

samples in the laboratory must be performed to verify the absence of interferences. 

Characterizations performed on a host of environmental samples (well water and 

various surface waters including several different creek and river samples) 

demonstrated no interference with respect to the dye absorbance (or the Fe 

determination) indicating that the DF could be accurately determined.  

A model system with high levels of iron colloids (neutral pH creek water 

spiked with ferric nitrate up to concentrations of several hundred micromolar did 

demonstrate interferences. The dye absorbance decreased over time and it is 

hypothesized that adsorption to iron colloids caused the interference. In this case the 
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DF correction would not be accurate demonstrating the importance of investigating the 

interaction of the reagent with the sample. Another complication arose with the model 

system. The absorbance of the Fe complex in the sample cell increased over time from 

an apparent slow release of dissolved iron from the colloids. In this case, the 

absorbance soon after mixing would be more indicative of the dissolved Fe 

concentration. 

The dye is slightly unstable, and the dye absorbance decreased ~2.5% over a 

period of 42 days when stored primarily in the refrigerator. A decrease of 13% over 52 

days was observed when the dyed-mixed reagent was stored in the dark at room 

temperature. Therefore, the absorbance of the dyed-mixed reagent must be 

periodically measured during a deployment to ensure accurate calculation of the DF. 

 

µTAS 
 

The various electronic components of the µWMD were calibrated before 

deployment. Thermistor response was determined to be linear over a range of -5 to 

35°C. The LED was driven at a constant current of 20 mA and required about 20 s at 

room temperature to reach a constant output and 60 s after removal of the LED 

assembly from the freezer; a warmup time of 30 s was chosen for the spring season 

deployment. The light throughput for the entire system dictated an integration time of 

0.6 s to optimize (~85% of the saturation value of 2650 counts) intensities at the 3 

chosen wavelengths. The diode array spectrometer was calibrated and the resulting 
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function generated a wavelength accuracy greater than the spectrometer resolution of 

10 nm. The motor RPM was calibrated for PWM output and then RPM was related to 

flow rate.  

For deployment, the flow rate was adjusted lower than for pre-deployment 

studies for the same general conditions. The pumps were operated at a flow rate of ~3 

µL/min and the washout time used to acquire a new sample was 160 s (30% longer 

than needed) and mixing time was 30 s (60% longer than needed). A 4-min sleep time 

after mixing was used to allow the reaction to come to completion. The volume of 

reagent used for a run and the volume of sample used for an analysis is consequently 

~1.5 µL. The total volume of sample used (including initial and final rinses) is 12.5 µL 

(1-min final rinse).The device was put to sleep for 4 min to allow the reaction to 

proceed to completion (~1 min at room temperature).   

The pre-deployment calibration function is  

A = 0.0034 x C (µM) – 9 x 10-5,  

and is in excellent agreement with the calibration performed in the benchtop system 

(both with slopes of 3.4 x 10-3 and R2 > 0.995). The diagnostic run was programmed 

such that a second read was made 60 s after the initial spectrometer read. These 

absorbance values were within ~1% (n = 1).  The post-deployment calibration function 

was 

A = 0.0032 x C (µM) – 0.0038,  

and is in agreement with the pre-calibration function, demonstrating stability of the 

device calibration over the deployment period. 
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The power that the device consumes over a typical run (one sample, not 

diagnostic, no replicates) was determined to be 50 mW hr. For the proof-of-concept, 

the sleep current was not optimized (340 mW hr/day) and therefore was the limiting 

factor for deployment length.  

For the complete µTAS, the detection limit (DL) for iron in the laboratory 

samples was estimated to be 1 µM (3σ, n = 10; σ = 2 x 10-3 AU, where σ is the 

standard deviation of the absorbance of 18 MΩ water mixed with reagent). For the 

validation apparatus (benchtop spectrometer with automatic pipetting), the 

environmental sample DL was estimated to be 1 µM (3σ, n = 3; σ = 2 x 10-3 AU, 

where σ is the standard deviation of the absorbance calculated with equation 6). 

 

Deployment 

 The device was only deployed for ~2.5 days and operations ceased because the 

batteries were discharged.  During this time no complications arose from the 

environmental conditions (i.e., particles, bubbles, temperature variation, etc.). Because 

of a processor malfunction, the device failed to go ‘completely to sleep’ after 

troubleshooting the device during deployment and the processor was in an idle mode 

that was drawing ~25 mA which drained the batteries. After the device was returned to 

the lab and the software was modified to compensate for the processor malfunction.  

The reagent bag and filter chip were installed opposite to the intended 

locations. This reversal meant that the reagent absorbance value rather than a 
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undiluted sample absorbance was obtained for each run. Once the reversal was 

discovered, all runs were programmed to be diagnostic runs so that both a reagent and 

environmental sample absorbances were measured. For the first runs without an 

undiluted sample run, the environmental blank absorbance was determined from an 

average of environmental blank measurements performed during diagnostic runs.  

During this time the device operation was as expected, iron levels were very 

near the detection limit for the device (1 µM; determined pre-deployment). Figure 27 

shows a time series of Fe values determined with the µWMD, including validation 

points which are the values measured with the benchtop system. Three data points 

were eliminated from this time series by using the reagent absorbance as a diagnostic 

tool (unrealistic absorbances at the analytical wavelength). Also Fe levels in the 

validation samples taken back to the laboratory were below the detection limit for the 

benchtop system.  

The precision of the data in Figure 27 indicates that Fe would be detectable at 

slightly higher levels. An environmental sample DL was estimated using the data in 

the time series to be 3 µM (3σ, n = 5; σ = 3 x 10-3 AU), which is in good agreement 

with the DL determined pre-deployment with laboratory samples. Over the 2.5 days 

the there was no systematic change in the DF and the DF’s for all the reported 

measurements were within 10% of 2. Temperatures measured with the µWMD 

fluctuated between 12 and 16°C, following a diurnal cycle.  

After this deployment the device was run in the laboratory in an aquarium with 

a natural water sample to verify µWMD operation and battery life under deployment 
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conditions. The device ran off its batteries for 11 days with a total of 42 runs, 11 of 

which were diagnostic runs.  

The blank correction shown in equation 6 was implemented for all the 

deployment data. If the baseline correction accounts for changes in the light 

transmission of the flow cell (staining, clogging, source drift, refractive index, etc.), 

the method of using a pre-deployment 100% T signal based on 18 MΩ water provides 

for a good estimate of the absorbances at the analysis wavelength of the natural water 

sample and the reagent during deployment.  Therefore, accurate baseline correction 

with equation 6 provides for the most accurate quantitation available with the current 

system configuration. The blank correction is useful for obtaining greater accuracy in 

the laboratory determinations and to estimate the system detection limit for 

environmental samples. The blank value for the well-water was generally 0.01 AU 

which corresponds to an Fe concentration of 2.4 µM. 

In summary, the filter chip was effective at preventing clogging of the 

microfluidic channels. The laser dye was a valuable internal standard for determining 

the DF and general device performance. The µWMD functioned as intended with the 

exception of a software malfunction. The device used 1.5 µL of reagent and 12.5 µL 

of sample per analysis run. The device was successfully deployed in a groundwater 

monitoring well. 
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Conclusions 

 We have successfully developed the first in-situ µTAS for water quality 

monitoring, performed the first microfluidic measurement of iron in-situ, and 

developed the smallest complete µTAS for autonomous, in-situ, and portable 

measurements. The ability to perform analysis in-situ will be of great use to better 

understand groundwater dynamics and to investigate the accuracy of conventional 

sampling procedures. Re-deployment of the µWMD in the groundwater monitoring 

well would be useful to verify system performance.  

We have achieved complete miniaturization of the entire µTAS. We have 

demonstrated a novel internal standard as a diagnostic tool used for DF correction. 

Most importantly, we have shown the feasibility of in-situ monitoring with 

microfluidic systems and consequently the utility of applying microfluidics to 

monitoring which have a decreased cost, can sample more challenging environments 

due to a more compact size, and which consume significantly less reagent than 

current, non-microfluidic in-situ devices. With this platform the quality of 

environmental sampling methods can be evaluated, vast monitoring networks could be 

developed, and a new era of microfluidic in-situ devices could be used to enhance the 

field of environmental monitoring.  

 Because the device was designed as a platform a variety of spectrophotometric 

analyses (e.g., iron, phosphate, arsenate, sulfide, cyanide, chromium, aluminum, 

nitrate/nitrite and others) could be implemented. We are currently adapting sulfide 

determination (methylene blue method) to this end. Other dyes that are shifted to the 
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blue or further into the red and near-infrared are also available and could be used as 

internal standards with other chemistries.  

Additional channels could be added to the microfluidic chip to add on-board 

standardization, to investigate speciation or multiple analytes, or to provide a cleaning 

or reference solution (in order to perform the blank correction illustrated in equation 6 

and to calculate the reagent absorbance). These enhancements would probably require 

additional pumps or valves, further increasing size and power consumption. 

Electrochemical measurements such as pH or conductivity could easily be integrated 

into the µWMD to provide complimentary environmental data. If the µWMD were 

used for a single analyte without the benefit of baseline or dilution corrections, a 

single wavelength detector could be used to decrease size, power, and cost. With the 

basic platform designed and proven, many improvements can now be readily made to 

adapt the device to a broad range of applications. 
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Tables 
 
Table 1. Averages and relative standard deviations from 10 replicate measurements in 
the µWMD of the well water sample described previously.22, a 
 

A450 A450-900 Ablnk corr C (µM) DFSMPL CDF (µM)

Average 0.049 0.042 0.026 6.0 1.8 5.4
RSD 19 9 14 15 8 12  

 
a Comparison of the precision for the absorbance of the analytical wavelength (A450), 
the baseline-corrected absorbance (A450-900), then the blank corrected (Ablnk corr; via 
equation 6 after baseline correction) absorbance, the concentration (C; calculated from 
the calibration plot), the DF of the sample (from equations 4 and 5), and the DF 
corrected concentration (CDF; via equation 7). An Fe concentration of 5.4 µM was 
obtained with the benchtop measurement.22 
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Table 2. Averages and relative standard deviations from 4 replicate measurements in 
the µWMD of an 89.5 µM Fe standard measured during pre-deployment calibration 
(well).a 
 

A440 A440-702 Ablnk corr C (µM) DFSMPL CDF (µM)
Average 0.35 0.31 0.31 92 2.4 110

RSD 23 4 4 4 7 6  
 
a Comparison of the precision for the absorbance of the analytical wavelength (A440), 
the baseline-corrected absorbance (A440-702), then the blank corrected (Ablnk corr; via 
equation 6 after baseline correction) absorbance, the concentration (Conc.; calculated 
from the calibration plot), the DF of the sample (from equations 4 and 5), and the DF 
corrected concentration (ConcDF; via equation 7). 
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Figures 
 

 
 
Figure 20. Block diagram of the µWMD used for in-situ analysis. This diagram 
illustrates the components needed, how they are arranged (in both an integrated and 
modular format), the fluid flow paths, and the device packaging. 
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Figure 21. Microfabricated filter designs. a) Graphic depicting 3D design of filter: i 
microchannel outlet of filter goes to inlet interconnect, ii post-array that defines filter 
bed, iii top of via hole that serves as inlet to the filter; sample flows in perpendicular to 
the post array and laterally through the filter bed. b) Photo of microfabricated filter in 
PDMS. c) Regular post-array with 50 µm square posts separated by 50 µm. d) 
Staggered circular post-array with pore diameter (circles that fit between posts with 
annotated radius) between 16 and 25 µm. e) Staggered circular post array with pore 
diameter of ~42 µm. 
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Figure 22. Spectra of laser dye and iron orthophenanthroline (Feoph). The brown, 
solid line, is a 1 to 1 mixture and the blue, semi-filled line, is the undiluted, dyed-
mixed reagent spectrum. The diagram illustrates the principal of the dilution factor 
determination by examining the ratio of the undiluted to the diluted dye peak 
absorbances. The warm-white LED spectrum is shown with the dotted line (associated 
with right “Counts” scale) at ~85% of the saturation value of the diodes for the 
analytical (440 nm) and dye (645 nm) wavelengths.  
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Figure 23. Photos of the device canister and environmental interface. Top image: the 
filter chip and reagent bag connected to the PDMS chip that serves as the 
environment-chip interface (next to a 6” ruler). Bottom image: the exterior canister 
with the protection screen. 
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Figure 24. Photo of the interior of the device (left: front view, right: side view) with 
various components labeled. Note the fiber optic securing arrangement at the bottom 
of the photos. 
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Figure 25. Photo of filter bed (50-µm square post array) with filter cake after 13.5 hr 
of filtration (10 µL/min). 
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Figure 26. Relationship between the prepared volumetric DF (Vol DF) and the dilution 
factor calculated using the laser dye internal standard (as in equations 4 and 5). The 
equation describes the regression line is: DFSMPL = 1.072 x Vol DF – 0.088; R2

 = 
0.999. 
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Figure 27. Iron time series with validation points. : µWMD values. : Benchtop 
system validation values. 
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Chapter 5: 

Conclusions 
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Conclusions 

In conclusion, we have successfully developed a µTAS for in-situ 

spectrophotometric water quality monitoring. This required the development and 

adaptation of several microfluidic components and the miniaturization of all the 

components: fluidic, optical, and electronic. Each component was characterized and 

modified if necessary to ensure its proper function. The final components of the µTAS 

were: 

 Modular micropumps that use inexpensive commercial tubing and are stable 

over a deployment.  

 Integrated, flexible, robust, PDMS tubing interconnects that are bonded into 

the microchip in a low dead/swept volume design. 

 Modular and reusable microfabricated filter chips with different pore sizes.  

 Miniature and collapsible reagent storage bags that can be made from various 

polymers. 

 An integrated micromixer and absorbance flow cell with fiber optics. 

Components were combined in both a modular and an integrated format to balance 

the virtues of microfluidics against the reality of differential failure and maintenance 

of the components. The integrated device performed successfully in the laboratory for 

the spectrophotometric determination of iron with 1,10-orthophenanthroline. The 

calibration data and curves obtained with the device and a benchtop spectrophotometer 

agreed well and were stable over a 7.5 week period. A NIST standard treated as a 
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blind sample was quantitated accurately, and a wetland water sample was measured 

with the device (without any filtration).  

A laser dye was successfully used as an internal standard to monitor the dilution 

factor (DF) of analyses. This DF can be used as a diagnostic tool to indicate if the 

device is working properly (reagent depletion, bubbles, cell transmission, etc.) or to 

correct the analyte concentration. 

It was demonstrated that the µTAS is capable of performing a spectrophotometric 

analysis in the lab with environmental samples, and further miniaturization and 

automation were employed to make the device amenable to in-situ use. Electronics, 

optics (sources, detectors, lenses, coupling components), software, and waterproof-

packaging were selected and developed:  

 A broad-spectrum warm white LED that is provides sufficient intensity for 

making measurements from 450 to 700 nm that enables baseline correction and 

calculation of  the dilution factor of a dye. 

 A miniature commercial Zeiss diode-array spectrometer. 

 Custom electronics to run the device including: LED drivers, pump drivers, a 

thermistor, spectrometer reading circuitry (sample and hold, integration, 

digitization), memory, a processor, and Li battery power source(s) (with some 

regulation circuitry).  

 Software to operate the device and allow for a flexible, autonomous, 

deployment schedule programming including: averaging, in-field, performance 
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evaluations (repetitive runs, varying read times, monitoring reagent 

absorbance), and controlling the pumps, LED, and spectrometer.  

 A compact, cylindrical waterproof device canister designed for groundwater 

monitoring wells. The self-gasketing polydimethylsiloxane microchip seals 

into the packaging, providing for a microchip-to-environment interface. A 

commercial, waterproof, bulkhead connector to access data and provide power 

(if necessary) while the instrument was deployed. 

The device monitored iron in a shallow groundwater monitoring well in a wetland 

for 2.5 days without any failure of the fluidics or complications due to environmental 

samples. Due to a software malfunction, the batteries were drained in this time period. 

Iron in the samples was near the DL for the µWMD and samples taken back to the lab 

and measured with the benchtop system were below the DL.   

To our knowledge this is the first demonstration of the in-situ use of a µTAS for 

spectrophotometric water quality monitoring. This is the first demonstration of the 

microfluidic measurement of iron in natural samples, and the smallest complete 

instrument devised for in-situ spectrophotometric water quality monitoring of 

nutrients. Previous µTAS’s presented in the literature are hybrid, have often been 

interfaced to large benchtop equipment, or required manual injection of the sample 

into the instrument. This thesis work represents a departure from those systems to a 

more portable, handheld, and autonomous µTAS.  

The device was intended as a platform for spectrophotometric water quality 

monitoring and several methods could be adapted for use with the µTAS. Currently 
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work is underway to characterize a mixed reagent for determining sulfide with the 

device. The measurement of reduced species in-situ in groundwater offers many 

prospects for advancing the field of groundwater monitoring. Some examples include 

using the device to evaluate the potential oxidation of samples during collection & 

storage or providing more continuous and in-situ monitoring to elucidate 

biogeochemical phenomena. The device could even be buried to eliminate potential 

bias in groundwater measurements from the monitoring well itself which is often not 

considered representative of true groundwater. Fields of study beyond 

biogeochemistry and environmental monitoring such as medical diagnostics and point-

of-use synthesis could benefit some aspects of the device design.  

 Focus was placed on developing the µWMD and consequently it is a relatively 

simple incarnation of a µTAS. Additional channels could be added to the microfluidic 

chip to enable on-board standardization, to investigate speciation (multiple analytes), 

to provide a cleaning solution and/or a blank solution. These enhancements would 

likely require additional pumps or valves, further increasing size, complexity, and 

power consumption. Electrochemical measurements such as conductivity or pH could 

easily be integrated into the µWMD to provide complimentary environmental data or 

electrodes could be used to generate redox sensitive reagents. 

Microelectronic/mechanical systems could be added to measure flow rates or to 

potentially to miniaturize active components such as pumps and valves.  

If the device were intended to be used for a single analyte without spectral 

corrections, a single wavelength detector could be used to decrease size, power, and 
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cost. However, the ability to monitored unabsorbed reference wavelength, can be 

critical for maintaining calibration. Likewise the ability to measure an internal 

standard at another wavelength also helps maintain the calibration and alert the user of 

changes in performance of some of the components. 

 The application of in-situ monitoring could benefit from the addition of 

wireless communication, anti-fouling strategies, and power regeneration such as solar 

panels. With the basic platform designed and proven, many improvements can now be 

readily made to adapt the device to a broad range of applications.  
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Appendix A: Mixers 
 

Micromixers can be operationally classified as either passive or active in 

design.  Passive micromixers require no external energy input other than that of fluid 

flow and typically take advantage of diffusion on the micro scale.  These mixers can 

be further classified by the means with which they take advantage of diffusion, such as 

lamination or chaotic advection.  Active micromixers require some form of external 

energy input such as fields or physical actuation.  Similarly, they are classified by 

design types like electrokinetic, acoustic, or membrane actuated.  The line between the 

two can blur with passive micromixers that require greater energy input than needed to 

initiate adequate flow in the device.  Examples include devices requiring high flow 

rates for mixing, or the need to shuttle droplets to induce circular fluid flows.  Passive 

micromixers often involve complex fabrication requiring multiple layers and precise 

alignment. Active micromixers require additional power and can range from simple in 

terms of fabrication, to incredibly complex.  Active mixers often degas and impart 

heat to the mixed solution but are generally more robust in terms of flow variation or 

disturbance (air bubbles, viscosity changes), and due to design are generally not as 

susceptible to clogging.   

 Quantification of mixing is not standardized and often efficiency is assessed 

qualitatively with images.3, 4, 13, 23  In addition, computer and mathematical simulation 

of fluid flow/particle trajectory is often useful in mixer design and for theoretical 

efficiency evaluation.11, 13, 15, 18  Dyes of different colors can be mixed, rapid pH 

dependant colorimetric reactions can indicate degree of mixing, or fluorescence 
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quenching or yielding experiments can be performed to visually demonstrate mixing.  

 Quantitation of mixing has been approached several ways.  Most simply, the 

fluorescence or absorbance of a completely mixed solution can be compared to that of 

a solution directly exiting the mixing chamber. 5, 18,  21    A technique initially 

introduced by Liu et al. has been utilized by several groups and quantifies mixing by 

examining the standard deviation in pixel intensity of a CCD.2, 12, 14, 15, 16  More 

complex systems have presented other methods such as spatial probability density 

functions integrated over finite regions, 2-D power spectra, or if the fluids mixing 

interface cannot be imaged, confocal microscopy can generate a 3-D spatial 

distribution of concentration.1   

 It is also noteworthy to mention several parameters of mixer designs that 

characterize efficiency or operating parameters.  These parameters include mixing 

time/length, mixer volume, applicable Reynolds numbers (Re), Peclet numbers (Pe), 

flow rates, flow type, Strohal number, and power requirements for active mixers.  

Many of these values are inter-related.  Channel dimensions are always necessary to 

fully understand device operation, and parameters that are often specific to a design 

may include viscosity and test molecule diffusion coefficients.   

 Passive micromixers were chosen to guide design because they require no 

additional power, can be simpler to design, and can have rapid mixing times. Passive 

micromixers are based on diffusive mixing and take advantage of the scaling law to 

reduce diffusion times.  If channel widths, or diffusion distances, are reduced by a 

factor of 10, scaling law predicts a decrease in mixing time by a factor of 100.  This 
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results in a passive, rapid mixer, which requites relatively simple fabrication 

processes. Simple, random walk model, equations can be used to describe this 

phenomenon in 2-D as illustrated by equations 8 and 9; equations 10 and 11 illustrate 

the effect on mixing channel length and the effect of focusing, or narrowing, the 

mixing channel. 
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σx ≈ Avg diffusion distance, D = Diffusion coefficient (10-9 m2/s), t = time, lmix = 

length to mixed, u = average velocity (m/s), wl = lamina width 

The interdigitated mixer is one passive mixer that has relatively simple 

fabrication. The basic concept is ‘parallel lamination,’ in which fluid streams are split 

and then interleaved to minimize diffusion distances. Interdigitated mixers that require 
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two layers necessitate precise alignment to take advantage of all the digits. 

Additionally, these designs must have ‘walls’ between the digits to keep them 

separated that increase the diffusion distance for mixing. Having the digits come 

together in the same plane eliminates this ‘wall distance’ and since lamina are parallel 

to the mixing channel, focusing, or a constriction of the mixing channel, can be used 

to further minimize diffusion distances. 

Initially 2-layer interdigitated devices such as that shown in Figure 28 were 

designed. Comsol multiphysics modeling of these mixers was also performed in an 

effort to guide design. The Comsol model was based on the dilution of one species and 

either the average of the diffusion constant for iron and thiocyanate was used, or a 

standard aqueous diffusion coefficient of 1x10-9 m2/s was used. An example of a 3-D 

model that uses the Comsol MEMS module’s convection and diffusion mode coupled 

with the laminar flow mode is shown in Figure 29. Input concentration ranges are 0 

and 1 with 0.5 being fully mixed and each inlet has an inflow 6 µL/min. A no-slip 

condition is applied to the geometry walls. The subdomains are given the properties of 

water (viscosity and density). Figure 30 is a composite figure illustrating the 

concentration profile of a cross-section of the mixing channel, and the profile down 

one wall of the mixing channel. The mixing channel is 10-mm long. 

As seen in the models, although the 4-digit 2-layer micromixer does have some 

advantage due to the digits, it behave more like a Y-mixer in that each feed channel 

concentration dominates the concentration for the corresponding side of the mixing 

channel. Thus it was abandoned in favor of a 2-digit Y-mixer that has much simpler 
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fabrication. The Y-mixer has been shown previously in chapter 3. Concentration 

profiles for the Y-mixer, designed with geometric focusing (mixing channel 50-µm 

width) are shown in Figures 31 and 32. The model was 2-D, but all other input 

conditions were as described for the 4-digit, 2-layer, mixer, except the mixing length, 

which was 7 mm. Additionally, the effect of unequal flows was also modeled for the 

Y-mixer with geometric focusing in an effort to use deflection of the mixing line in the 

focusing geometry, as shown in Figure 33, to ascertain pump and/or chip performance 

during experiments. 

Alternate variations of the initial 2-layer interdigitated micromixer were 

fabricated unsuccessfully and are shown in Figures 34 and 35. Another variation of the 

Y-mixer was designed with geometric focusing that included herring-bone features 

(shown in Figure 36) for chaotic advection in the mixing channel. This alternate 

passive mixing mechanism could further enhance mixing efficiency, but this design 

was never fabricated because more rapid mixing was not needed.  

The simple Y-mixer with geometric focusing was also used in the aqueous 

synthesis of functionalized gold nanoparticles using bunte salts (Figure 37). The flow 

cell was also attached (modular format) to perform in-line characterization of the 

nanoparticles. This endeavor was successful; however, sorption of nanoparticles 

(Figure 38) to the channel walls often resulted in device failure (clogging), required 

the devices to be cleaned regularly (oxidized), and sorption changed the product 

synthesized (affected particle diameter).  
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A 20-digit reactor with geometric focusing (Figure 39) was fabricated to 

generate higher throughput and in an effort to increase velocities to minimize sorption. 

This reactor was also used as a post-column reactor to label glycine with 

orthopthalaldehyde for subsequent fluorescence detection.24  

Figure 40 is a graphic illustrating the microscope spectrometer (used courtesy 

of Dr. Alexey Shvarev) used to measure absorbance cross-sections in the micromixer. 

Figure 41 is a graphic that represents the data acquired during the experiment which 

was ultimately converted into the percent mixed at a given point down the channel. 
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Figures 
 

 
 
Figure 28. Picture of a 4-digit interdigitated micromixer. Note that it has been clogged 
in several places. The feed and mixing channels are in two separate layers of PDMS. 
 

 
Figure 29. 3-D Comsol multiphysics model of a 4-digit interdigitated micromixer. Red 
color indicates higher concentration, while blue is no concentration, and green is fully 
mixed. 
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Figure 30. Additional concentration profiles from 4-digit micromixer model. Top: 
cross-section of the concentration profile in the mixing channel. Inset: cross-section of 
the concentration profile near the end of the mixing channel indicating complete 
mixing. Bottom: Concentration profile along the mixing channel wall showing mixing 
as the flow progresses down the channel. 
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Figure 31. Concentration profile of mixing channel cross-section at the end of the 
mixing length. Arc-length in graph is width of channel 
 

 
 
Figure 32. Concentration profile along the mixing channel wall. Arc length in graph is 
length down mixing channel from the point of confluence. Indicates complete mixing 
at ~6 mm. 



 

 

148 

 
 
Figure 33. A 2-D Comsol model for the Y-mixer with geometric focusing. Illustrates 
the effect of twice the flow rate in one feed channel relative to the other.  
 

 
 
Figure 34. Alternate interdigitated micromixer geometry. Individual ‘digit’ channels 
are ~20-µm wide. The fabrication limits were reached, but complete resolution of the 
digits was not achieved. 
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Figure 35. Alternate interdigitated micromixer design in which the individual digits 
were not resolved. 

 
Figure 36. Y-mixer with geometric focusing that has standard herringbone features 
along the mixing channel. These features promote chaotic advection by causing the 
fluid to rotate back and forth (with respect to the channel cross-section). This design 
could further improve mixing efficiency by combining two different passive mixing 
concepts, but it was never fabricated. 
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Figure 37. Graphic depicting reaction for forming functionalized gold nanoparticles 
(AuNP) using Bunte salts.  
 

 
 
Figure 38. Photograph of Y-mixer with geometric focusing used in the synthesis of 
AuNPs. Depicts adsorption of AuNPs to the channel walls (black fill in microchannel) 
after several minutes and ~20 min (inset) of synthesis (~12 µL/min). 
 

 
 
Figure 39. 20-digit interdigitated reactor with geometric focusing. 20 digits are 
focused into a 250-µm wide channel (blue dye used for visualization). Based on 
Superfocus by Hessel et al. Note that in fabrication the confluence of the digits was 
damaged resulting in ‘squiggly’ digit tips that can affect mixing. This effect can be 
seen in the inset where the reactor is used in the synthesis of AuNPs. This is a 3-layer 
device fabricated in polymethylmethacrylate. 
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Figure 40. Apparatus for characterizing mixing efficiency. Microchips were placed 
under objective in the microscope spectrometer and driven with syringe pumps. 
 

 
 
Figure 41. Depiction of mixer characterization experiment. The microscope 
spectrometer can provide an image of the objective focal plane, or a slit can be 
inserted and a grating rotated into the optical path to provide spectral information. By 
aligning the slit perpendicular to the mixing channel, the slit provides spatially 
resolved spectra along the mixing length (however spatial information is integrated 
across the dimension of slit width). 
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Appendix B: Integrated Mixer and Flow Cell Figures  
 

 
 
Figure 42. Graphic of the geometry used to test the integrated mixer and flow cell. 
This includes a distance reference for the mixing channel (ruler) and masking features. 
 

 
 
Figure 43. Graphic of flow cell and fiber guide geometry with lens and “slit/masking” 
features. 
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Figure 44. Photo of the apparatus for testing the integrated mixer and flow cell. 
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Figure 45. PDMS microchip for integrated flow cell micromixer characterization. 
 
 

 
 
Figure 46. Calibration plots of iron thiocyanate with excess SCN- as time progresses 
demonstrating instability of the complex. 
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Figure 47. Calibration plots of iron thiocyanate with excess Fe as time progresses. 
Demonstrates enhanced stability of the complex under these conditions. 
 

 
 
Figure 48. Calibration plots of iron thiocyanate in the integrated mixer and flow cell. 
Masking features filled with black dye demonstrating little effect on the absorbance. 
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Figure 49. AuNP spectrum. Spectrum observed with a modular integrated mixer and 
flow cell used for process information during microfluidic synthesis of functionalized 
gold nanoparticles. 
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Appendix C: Filters 
 

The ‘lateral percolation’ filter design with a post-free region shown in Figure 

50 was originally proposed He et al. and may increase filter capacity by generating 

more ‘lateral flow’ through the filter bed. Comsol multiphysics modeling using the 

laminar flow mode and particle tracing (particles without mass or volume were 

‘released’ in a grid pattern at the filter inlet and their paths are traced) supports that 

slightly more lateral flow is achieved, as seen in Figure 50. 

Fabrication of the filter was complicated by the difficulty in generating a high 

density array with photolithography (resolution and adhesion must be optimized). 

Occasionally, PDMS filling between the posts has been incomplete and it was 

necessary to place the uncured PDMS, covering the master in a mold, into a vacuum. 

Release of the PDMS chip from the master can also be complicated by either poor 

adhesion (SU-8 sticks in PDMS) or difficulty demolding (high surface area of posts 

grips the PDMS ) that can result in torn PDMS and missing posts.  

The microfabricated filter initially demonstrated exclusion of 100-µm diameter 

silica particles and filtration of 200 µL of the100-µm diameter particles (22 g/mL) did 

not result in a clog or visible particle in the device. Willamette river samples were 

taken at the access just north of the Harrison St. Bridge in Corvallis, OR. Samples 

were taken with a 2’ clear PVC tube by allowing water to flow through the tube and 

then capping both ends to retrieve the sample which was then transferred to a carboy. 

Scattering of a green laser by the river water is shown in Figure 51, demonstrating a 
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significant particle load. No treatment was performed on the sample; samples were 

stored in the refrigerator and used within days of collection. The carboys were agitated 

thoroughly and then filters were immersed in a 1-L, stirred (200 rpm), beaker 

containing the river water (apparatus shown in Figure 52). Three filters were tested. 

The Alitea peristaltic pump mentioned in chapter 2 was used to aspirate sample into 

filter (10 rpm → ~10 µL/min), and the flow rate was measured by massing the filtrate 

and by using graduated vial. 

For the first set of experiments, between 2 and 3 mL (flow rate variation) of 

sample was filtered (for a given filter) with no clogging of the channel, no appreciable 

change of flow rate, and the particles were retained on the filter bed. As noted in 

chapter 4, one microfabricated filter filtered 40 mL of river water continuously for 

13.5 hr without flow rate degradation or any clogging of the channel after the filter 

bed. This volume corresponds to thousands of analysis (assuming 20 µL sample as 

implied in chapter 3). The control filter chip was a filter that failed during fabrication 

(posts not fully formed → no post region) and after 1 hr particles had begun to collect 

in the channel (~100-µm wide), but had not fully clogged it, as shown in Figure 53. 

Measurement of the actual efficiency using a real sample was attempted by 

determining the particle distribution in the sample before and after the filter. A 

Mastersizer 2000 (Malvern) particle size analyzer was used with the Willamette river 

water. The Mastersizer was equipped with a large volume (~30 mL flow cell) and thus 

a significant amount of filtrate was used and two 50 mL syringes were used to flush 

the sample back and forth across the detection window (to keep particles from 
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settling). Unfortunately this resulted in imprecise readings, probably due to bubbles. 

Once a reproducible raw sample count was obtained the filtered samples had 

significant biological growth making interpretation of the data inconclusive.  

Because the number of particles tends to increase exponentially with relation to 

the inverse diameter, filters with a smaller pore size would generate a greater 

difference in sample and filtrate particle distributions and make interpretation of 

results simpler. It would also be useful to determine ultimate capacities of the filters 

with a ‘standard’ sample by measuring the amount of sample filtered under constant 

pressure until the flow rate degrades to certain point. Absorbance spectra of the 

sample and filtrate were also compared as shown in Figure 54. While these data 

demonstrate an increase in the light transmitted through the sample, implying less 

particulate matter, it does not lend any quantitative information about filtration 

efficiency.  

Other filtration methods, such as the incorporation of plastic filtration mesh 

into a PDMS microchip, were entertained, but the microfabricated filter was fabricated 

because it was hypothesized that it would have a greater capacity and a smaller 

volume (~0.2 µL for the staggered post design with a 40-µm pore size and 15-µm 

height). The lateral percolation filter was not used because the simple percolation filter 

performed adequately. 

 



 

 

160 

Figures 
 

 
 
Figure 50. Filter models and photos. Particle tracing graphics (top) and pictures 
(bottom) of the microfabricated PDMS filters with the lateral percolation design on the 
right and the design without the post-free region on the left. The magnified image in 
the center is of the post array. Note that the post free region does generate more 
‘lateral’ (parallel to the flow channel) flow through the post array. 
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Figure 51. Willamette River water sample. A green laser is shown shining through the 
sample (no magnification). Visible particles and the Tyndall effect are indicative of 
significant particulate matter distribution.  
 

 
 
Figure 52. Apparatus for testing filters. The peristaltic pump on the left aspirates 
sample into the filter microchip (inset lower right) which is immersed in a stirred 
beaker of Willamette River water. 
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Figure 53. Photograph of the channel after the control ‘filter’ chip. Demonstrates 
particulate buildup in the channel (100-µm wide). Note that the post-filter channel in 
the microchip with a post array had no buildup.  
 
 

 
 
Figure 54. Absorbance spectra of unfiltered (top trace; blue) and filtered river water 
(lower trace; red). 
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Appendix D: µWMD Operation 
 

This document summarizes important aspects of using and programming the 

µWMD. 

 The filter chip should be installed into the interconnect with the shortest fluid 

pathway (connected to lower pump in the device) to minimize rinse times. Generally, 

if the µWMD batteries are facing away from you (as in the left image of Figure 24 in 

chapter 4), this is the left side interconnect. 

If the device is to be powered from a power supply, the white wrapped power cable 

from the batteries should be unplugged from the left lower side of board stack. The o-

rings should not be cracked, should be lubed with a light coating of silicone lubricant, 

and should be clean to ensure water-tightness.  

 To interface with the µWMD, the bulkhead connector connects to an interface 

box (Figure 55). This box also has a power connector on the top to connect to external 

power (~9 V). The box has two buttons. One interrupts the device (INTO; middle 

button) which allows interaction with the device without resetting the programming. 

There is also a RESET button to reset timing, or to reset the device before 

programming it with a new “program device” file. The bulkhead connector has 6 pins, 

4 for serial communication, and 2 for powering the device.  

 The software was written in C, in the Visual Basic environment. The actual 

code can be supplied by contacting the authors. This code is kept in the µWMD 

Software Code Folder and Electronics Documentation Folder. The monitor routine is 
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used to program the device and load settings. The following are screenshots of the 

monitor routine and the discussion is focused on readying the device for deployment. 

In some cases, the buttons not discussed have not function or are more useful for real-

time interaction with the device. The monitor routine is run in debug mode (play 

button) from the Visual Basic development IDE. It should be noted that the software is 

still being modified at this time, primarily in the graphical user interface, to remove 

unused buttons and incorrect labels. 

The terminal settings page (Figure 56) allows a com port to be selected. Once 

chosen, the port should be closed, then the “Start Monitoring” button can be pressed. 

After this step, INTO or RESET button can be pushed on the interface box to interact 

with the device at which point the red “Not Connected” button will turn green and be 

labeled “Connected.” Note that the INTO button must be pressed repeatedly until a 

time is printed twice that agrees with the actual time (assuming the time has been set 

correctly).  

To put the device to sleep and activate the deployment programming, the “Exit 

Monitor” button can be pressed. Always ensure that at least 30 s of sleep time will 

elapse before the next wake period before exiting the monitor. Ensure a realistic time 

(time to next wake time) is outputted in the Terminal upon exiting. The port should be 

closed before unplugging the bulkhead or serial connectors. Never attempt to wake the 

device while it is sampling. 

The “Program Device” tab (Figure 57) is used to load a program into the 

monitor routine (from c:/config/), once the program has been checked the device can 
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be programmed, and then memory locations can be checked. As data are sent to the 

device, it will be displayed in the “Terminal.” Care should be taken not to interact with 

the device while data are being sent. More detail on programming will be discussed 

later. 

The “Spectrometer” tab (Figure 58) is used to set the integration time (equals 

time set + 8 ms). After setting, the “Read once and STORE” button should be pressed 

because often the first read is nonsensical.  

The “Controls” tab (Figure 59) is used to set the thermistor (DAC 0) and LED 

(DAC 1) power values. It is also very useful for real-time interaction with the device. 

Note that values for the DACs and ADCs are in bits. The LED should be set to 4095 

and the thermistor to 2600 (to follow the calibration demonstrated later in this 

document). The motor speeds are in arbitrary PWM units and are generally set to 300.  

The “EEPROM” tab (Figure 60) allows EEPROM to be erased (red button). 

Files can be read out, and then copied into a program that allows post-processing. If 

memory location 0 is inspected, the number of files in the memory up to 256 files will 

be displayed. Memory location 1 will list the number of 256 files above the first 256 

(e.g., 2 would indicate 2 x 256 files). 

The “Time” tab (Figure 61) allows the current processor time to be checked 

and allows the actual time to be set (Set Current Time). 

The following is the operational sequence pseudocode for device operation in 

autonomous deployment mode. These terms should be used in conjunction with the 

program device files. 
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Normal Run: 

Wake 

Battery voltage 

Turn LED off 

Spectrometer read: dark (no LED on) do this n times (called average) 

Rinse: SMPL pump (Lower) on at a specified speed (blnk) for specified time (blnk)  

Turn LED on 

Delay 1 (s) 

Spectrometer read: blnk (averages) 

LED off 

Mix: both pumps on at specified individual speeds (smpl) for specified time (smpl 

motor run min:s) 

Wait 1 (sleep, s) 

Thermistor read 

LED on (intensity) 

Delay 1 (s) 

Spectrometer read: smpl 

LED off 

Rinse: SMPL pump (0) on at a specified speed (blnk) for specified time (mix min s) 

Repeat normal run sequence m times (1-10) (repeat) 

Sleep 
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Diagnostic Run: 

Turn LED off 

Spectrometer read: dark  

1. RGT: RGT pump (upper) on at a smpl speed for specified time (rgt s) 

2. LED on (intensity) 

3. Delay 1 

4. Spectrometer read: rgt 

Repeat 1-4 m times (repeats; same as for normal run) 

LED off 

Rinse: SMPL pump on at a specified speed (lower at blnk spd) for specified time (blnk 

time) 

LED on 

Delay 1 

n (readings) Spectrometer read blnk each separated by Delay time 2 (s) 

LED off 

Mix: both pumps on at specified speeds (smpl) for specified time (smpl) 

Wait 1 (sleep time1) 

Thermistor read 

LED on 

Delay 1 

n Spectrometer read smpl each separated by Delay time 2 (s) 
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LED off 

Rinse: SMPL pump (0) on at a specified speed (blnk) for specified time (mix min sec) 

Sleep 

 

A normal run would occur at sampling interval labeled 0 (specified times: 23:59:50) 

A diagnostic run will occur at specified run times labeled 1 (diag) 

 

The following is a template for how to write a text file that would be used to 

program the device (should be located in c:/config/ in the program device tab 

c:/config/filename.txt would be typed in): 

 

pg1, blnk_speedA , blnk_speedB, delay1 (LED), delay2 (diag repeat) 

pg2, blank_motor_min, blank_motor_sec,  smpl_motor_min, smpl_motor_sec 

pg3, mix_time_min, mix_time_s, start_location (pg#),0, 

pg4, smpl_speed_1_A (so mixing speed can be varied for pumps), smpl_speed_1_B, 

smpl_speed_2_A, smpl_speed_2_B, 

pg5, rgt_time_min, rgt_time_sec, sleep_min (rxn time), sleep_sec, 

pg25, readings, repeat, averages, diagrepeat,  

Pg26+, hr,min,sec,label, 

endpg,23,59,55,0, (the final entry must be this time for correct rollover to the next 

day) 
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LED intensity (DAC 1), thermistor voltage (DAC 0) and spec integration time 

are set in the monitor routine tabs. The pg# is a memory location and must be included 

with the entry. Speed entries denoted as A and B result in a speed that is the sum of 

the value for A and B. End every line with a comma, have no spaces between 

characters, and each line should have four values (besides the pg number; use 0 if no 

value is needed). Readings is the number of wake times in a day (rows 26-end), repeat 

is a repeat of a normal run sequence (sample replicate and number of reagent 

replicates for a diagnostic run), and averages is the number of repeat spectrometer 

reads on the same sample. The following is an example of a program to run the device 

autonomously.  

1,150,150,30,60, 
2,2,40,0,30, 
3,1,0,28,0, 
4,150,150,150,150, 
5,0,30,4,0, 
25,4,2,10,2, 
26,1,0,0,0, 
27,11,0,0,1, 
28,15,0,0,0, 
29,23,59,55,0, 
 
The following data pertain to predeployment (in the groundwater monitoring 

well) characterization of the µWMD. Figure 62 shows the thermistor calibration 

function. The data were obtained by immersing the thermistor in glycerol in an small 

aluminum cylinder which was immersed in a constant temperature bath containing 

ethylene glycol. 
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 Figure 63 shows the typical light throughput for the device with the warm-

white LED and the miniature spectrometer (also compared to the LED spectrum with 

the Ocean Optics spectrometer). The intensity (counts) will vary for alternate 

microfluidic chips and LEDs but should be a good indication of throughput. The 

legend indicates different integration times in ms. Figure 64 shows how the LED 

intensity changes during warm-up time, both from cold temperatures and from room 

temperature. 

 The motor speed input in the monitor routine was related to the actual motor 

RPM prior to deployment and is shown in Figure 65. The systems flow rates were 

determined prior to deployment by attaching a micro rotameter (described in chapter 

2) to the outlet and is shown in Figure 66. 

LED current was measured as a function of the DAC 1 value and is shown in 

Figure 67. The LED output was then measured as the LED current was changed. This 

relationship was found to be nonlinear and is shown in Figure 68. A slight decrease in 

the ratio of the intensity at 462 nm relative to 700 nm was observed as the current was 

increased. 

The following procedure was used to measure samples with the benchtop 

system to validate the µWMD (using the Ocean Optics benchtop spectrometer and 1.2 

cm pathlength vial). 

 

Materials: 

~40 mL I-Chem septum sample bottle (specific for all validation samples) 
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Field peristaltic pump/battery/PEEK sampling tubing 

1 mL pipet and 3 fresh pipette tips 

1 5-mL beaker (red for STD) and 1 10-mL beaker (blue for RGT; samples pipetted out 

of bottle) 

Ocean Optics Tungsten Halogen source with balancing filter and attenuation filter 

USB spectrometer (integration time 4 ms, averages 30, Time acquisition: save in 

µWMD validation folder on desktop with date and time, acquire every 200 ms, write 

every 20 acquisitions, enable and plot 440, 645, and 900 nm. Settings are saved in the 

µWMD validation folder) 

1.2 cm diameter vial, SMA equipped vial holder, and aspirator. 

Dyed mixed reagent solution 

Iron standard 

DDI water 

Sample 

 

 

Potential sampling times are based on the µWMD sampling schedule and are 

contained in the file “µWMD validation sampling times.” The sampling tube (1/8” 

PEEK) should be positioned near the µWMD inlet (in terms of depth) and samples 

should be acquired after a µWMD sampling period but close in time (~15 min). 

 

Procedure: 
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1. Allow the peristaltic pump to run/flush for several min (2 min). 

2. Rinse the bottle and cap with sample then fill the bottle to overflowing and cap 

with minimum head space (bottle should have previously been rinsed with DDI 

water and the same bottle should be used for all samples). Analyze the sample 

within 1 hr of collection. 

3. Take the reagent out of the fridge (labeled: 5-12-09), mix, and pour into the 

10-mL beaker (blue tape; be sure to rinse beaker sparingly with 3x DDI water 

and 3x solution to fill it). Cap beaker with Parafilm and allow the solution to 

come to ~RT. Cap stock flask with the stopper and some Parafilm and return to 

the fridge. 

4. Fill the 5-mL beaker (red tape) with the 8.95 µM standard (in bench cupboard 

under laptop) and similarly cap the glassware. 

5. Allow the source to warm ~15 min and ensure that the O.O. software/detector 

is operational and settings are correct. 

6. Set the dark current by unscrewing the SMA connector at the source and 

covering it. 

7. Ensure the cuvette is in place (taped and rigid) and the stir bar is rotating 

gently. 

8. Hook up the aspirator, rinse the cuvette, and set the 100% T with water. 

 

-Samples should be run by pipetting 1 mL aliquots using a manual automatic 

pipet, with the different tips kept separate in the holder. 
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9. Run 3 measurements of just the environmental sample (rinsing the cuvette with 

a bit of sample between; it will take 2 mL to fill the cuvette above the light 

level). It is recommended that between additions, the time acquisition is 

paused. Write down the time when the acquisition is unpaused and the solution 

that is being analyzed. 

10. Run 2 measurements with just the dyed mixed reagent (rinsing the cuvette with 

a bit first). 

11. Run 3 measurements where 1 mL of sample is mixed with 1 mL of reagent. 

Enhance the mixing for a moment after addition, slow it back down, and then 

unpause the acquisition. Rinse with water between measurements. 

12. Run 2 measurements of the 1.79 µM iron standard. 

13. Rinse the cuvette, unpause and check the 100%T. Stop the acquisition. 

14. Vacuum the cuvette and cap it. Turn off the aspirator and the source. Rinse out 

the sample bottle.  
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Figures 

 
 
Figure 55. Interface box. Bulkhead connector on left, serial on right, top-left is power 
cable, middle button is INTO, and right button is RESET. 
 

 
 
Figure 56. Terminal settings tab of monitor routine. 
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Figure 57. Program Device tab of monitor routine. 
 

 
 
Figure 58. Spectrometer tab of monitor routine. 
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Figure 59. Controls tab of monitor routine. 
 

 
 
Figure 60. EEPROM tab for the monitor routine. 
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Figure 61. Time tab for monitor routine. 
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Figure 62. Thermistor calibration response.  
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Various int times with uWMD (LED; Zeiss spec, water filled) compared to LED 
~20 mA (4095) and also O.O.
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Figure 63. Typical LED light throughput. Also compared to Ocean Optics spectrum. 
The legend indicates spectrometer integration times in ms.  
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Cold LED warmup time (1st run is from freezer, subsequent two are on/off, 700 b 

is a freezer replicate
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Figure 64. LED warm-up function. The first run with the longer warm-up time is after 
taking the LED out of the freezer. Subsequent runs were performed at room 
temperature. 
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Figure 65. Relationship between monitor routine speed (PWM units) and actual motor 
RPM. 
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Flow response at outlet 
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Figure 66. Flow response of the µWMD. Diamonds are both pumps on at a speed of 
300 each. Squares are the lower pump and triangles are the upper pump. 
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LED calibration
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Figure 67. LED current relationship to DAC 1 input from monitor routine. 
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Figure 68.  LED intensity at various wavelengths as the current through the LED is 
changed. 
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Appendix E: Electronics 
 

The electronics board stack can be divided into 6 distinct boards. Each of these 

boards also has interfacing electronics and connectors to allow the boards to interact. 

The most important of these connections is that to the outside world, which the user 

employs to communicate with the device. This connection, shown in Figure 69, is the 

connection from the boards through the bulkhead connector. This is a serial 

connection, which plugs into an interfacing box (as shown in the µWMD appendix) 

which then connects to a computer via a traditional serial port. Details on using the 

interface box can be found in the µWMD appendix.  

The 6 different electronics boards are denoted the RS232 Converter Board, the 

Bulkhead Interface Board, the CPU Board, the Power and Driver Board, the Diode 

Array Driver and Video Board (the upper spectrometer board when the microfluidic 

chip is oriented at the bottom of the device), and the Spectrometer Interface and LED 

Driver Board (the lower spectrometer board). More detailed layouts, pinouts, and 

schematics of these boards may be found in the µWMD Electronics Documentation 

Folder by contacting the authors.  

The boards are discussed in the order in which they would be disassembled. 

The RS232 Converter Board is on top of the Bulkhead Interface Board, which is on 

top of the CPU Board, which is on top of the Power and Driver Board. The Power and 

Driver Board is mounted to the µWMD mounting bracket that runs the length of the 

canister. Cables from the Power and Driver Board connect to the lower spectrometer 
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board (the Spectrometer Interface and LED Driver Board) which connects to the 

bottom of the Diode Array Driver and Video Board, which connects to the diode array 

of the spectrometer. Most of these connections involve pins and sockets although 

cables are also used. 

 The RS232 Converter Board is shown with the Bulkhead Interface Board in 

Figures 70 and 71 (top and bottom of the boards). The RS232 Converter Board was 

taken from the ADuC841 evaluation board and facilitates communication (via serial) 

with the ADuC842 processor. It translates voltage levels between RS232 and Digital 

Logic and is powered from the +5 V DC system power. The RS232 signals enter in 

from the soldered connection between the Bulkhead Interface Board and are then 

connected by a 4 pin cable to the CPU board.  

The Bulkhead Interface Board then routes external power (if the batteries are 

either ‘dead’ or disconnected; otherwise too much power may cause fuse failure), 

RS232 Serial, and two control lines (INTO and RESET buttons on the interface box) 

between the Bulkhead connector and both the CPU Board and Power and Driver 

Board. Integrated circuits on the Bulkhead Interface Board, along with associated 

components, allow for resetting the programming of the CPU, waking up the system 

when it is asleep, and for programming of the system. Programming is accomplished 

by the order in which the two control wires are grounded (i.e., the INTO and RESET 

buttons on the interface box are pressed). 

 The CPU board (shown in Figures 72 and 73) contains the processor 

(ADuC842) which essentially runs the rest of the electronics and the device. The 
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ADuC842 is an 8-bit 51 core processor with several built in peripherals. The 

peripherals used here are an 8-channel 12-bit 250-kS/s ADC, a 2-channel 12 bit DAC, 

an I2C masters (communication protocol), 2 PWM's, and a built in realtime clock 

capable of running at very low power and waking up the CPU.  This board also 

contains the device memory (AT24C1024B; four 128 kilobyte EEPROMs), an 8-

channel analog buffer amplifier (AD8570ACP-R2) and a FET to turn one and off 

power to this buffer for a lower sleep current.  

The Power and Driver Board (shown in Figures 74-76) can be divided into 

several sections. There is a Power Section, a Motor Speed Controller Section, a 

Communications Section, and an Interfaces to the Spectrometer & CPU Boards 

Section.  

The Power Section produces the +5 V logic power for the system and allows 

for turning on and off the raw Battery power used to run the pump motors. 

Additionally, because the Power Section uses a microchip (MAX639) with “cycle 

skipping” (chip turns on and off regularly to conserve power; +5 V Buck regulator 

with cycle skip to allow power consumption to be tens of µA), there is a voltage ripple 

in the constant +5 V supply. To minimize noise some power filtering circuitry in the 

form of electrolytic capacitors had to be added to the Power and Driver Board. A 

redesign solution would be to use high efficiency low drop-out linear regulators and 

boost the +5 V to 5.5 V.  

The pump motors are driven by the PWM of the CPU board through a level 

translating buffer, the EL7457. The motor current is monitored by an in-series drop 
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resistor. The resulting voltage is amplified, and then coupled into the CPU ADC 

inputs. The raw battery voltage is monitored by a CPU ADC channel as well. With the 

values for the motor current, the supply voltage, the PWM duty cycle, the motor 

armature resistance, and a back-EMF constant, one under can calculate the motor 

speed. This information can be used in a loop to vary the PWM frequency to maintain 

a constant motor speed under varying load to the motor; in effect a back-EMF 

controller. 

 The connected spectrometer boards are shown in Figure 77, which also 

indicates the orientation of the upper and lower spectrometer board. The lower 

spectrometer board, the Spectrometer Interface and LED Driver Board, is shown in 

Figures 78 and 79. This board has two sections, the Clock Section and the Video/LED 

Section. The Clock Section routes the diode array logic signals through buffer and 

power control electronics that then allows for de-powering the spectrum analyzer 

when it is not being used. The Video/LED Section serves to buffer the output of the 

switched integrator on the upper board and to set the current for the LED by using the 

CPU DAC (effectively a constant current driver).  

The upper spectrometer board, the Diode Array Driver and Video Board, is 

shown in Figures 80 and 81. It contains the circuitry to drive the spectrometer with the 

processor, read analog (video signals), perform a sample and hold function (Burr 

Brown chip IVC102U), and to amplify the signal before sending it to the processor 

ADC. The spectrometer is driven with clock signals initiated using the processors I/O 

pins.    
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In brief digital logic level signals are translated to the voltage levels needed by 

the diode array, the -5 V power level for the diode array and the -10 V power level 

needed by the switched integrator are produced. Extra capacitors were needed on this 

board as well to smooth out the power supply ripple and reduce the noise to below the 

ADC resolution. The voltage level translators are switch capacitor ICs (LTC1046, 

capable of supplying tens of mA). 

A switched integrator (the Burr Brown chip IVC102U) serves to read out the 

video pin from the diode array, resetting the level to 0 V while integrating the charge 

due to photoelectrons stored in the integrating capacitor built into the diode array IC. 

The selected capacitor size is for integration is 30 pf, allowing for the maximum 

charge of a single diode to produce a voltage linear within the range of the ADC 

system (2.5-V full-scale). The actual maximum signal is ~1.75 V. This could be 

improved upon with a redesign allowing a high positive rail to for greater voltage 

output from the switched integrator. The switched integrator has built in FET switches 

to reset the integration capacitor plus to open and hold the level if that was required. 

Because a -5 V offset was used on the diode array, the video return pin was connected 

to ground and the op-amp integrator in the IC triggered the FET switch to reset the 

diode array. 

 Note that these electronics represent prototype versions which could be 

improved upon. Probably the most significant of these is that the electronics currently 

draw a current of 1-2 mA while the processor is asleep. This would need to be 
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decreased to allow deployments of greater than ~1 wk off the 6 1.5 V lithium batteries 

(1200mAhr).  
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Figures  

 
 
Figure 69. Connection from communication board to bulkhead connector. 
 

 
 
Figure 70. Bulkhead Interface Board & RS232 Converter Board (top). 
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Figure 71. Bulkhead Interface Board & RS232 Converter Board (bottom). 
 

 
 
Figure 72. CPU Board (top). 
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Figure 73. CPU Board (bottom). 
 

 
 
Figure 74. Power & Driver Board (top) with connections made. Note the blue wire in 
top middle is connected correctly to allow the interface box to interrupt the processor 
sleep cycle.  
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Figure 75. Power & Driver board (top). 
 

 
 
Figure 76. Power & Driver Board (bottom). 
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Figure 77. Connected spectrometer boards (upper and lower as oriented in the Figure). 
 

 
 
Figure 78. Spectrometer Interface and LED Driver Board bottom (lower spectrometer 
board). 
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Figure 79. Spectrometer Interface & LED Driver Board top (lower spectrometer 
board). 
 

 
 
Figure 80. Diode Array Driver & Video Board top (upper spectrometer board). 
Showing diode array socket. 
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Figure 81. Diode Array Driver & Video Board bottom (upper spectrometer board).  
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Appendix F: Solvent Fabrication of Microfluidic Devices 
 
Introduction 

Solvent imprinting of microfeatures offers an accessible fabrication technique for 

the development of microfluidic chips using hard polymers microchips directly from 

masters patterned with photolithography. The concept has been presented in the 

literature by using acetonitrile to imprint polymethylmethacrylate.1, 2 SU-8 photoresist 

patterned onto silicon wafers was used to imprint microfeatures ranging from ~50 x 50 

µm to 250 x 250 µm (w x h) into polycarbonate (PC) using a hydrostatic press. The 

steps in the method and optimization of parameters such as solvent choice and 

pressure are presented and imprinted microfeatures are compared to master 

dimensions.  

Several solvents were tested and dichloroethane was found to be the most useful. 

Alternate pressing methods (hand, lead bricks) were also evaluated. Other master 

materials were also used (JB-weld, epoxy, low melting temperature alloy, aluminum, 

steel); however, the ability to imprint using easily patternable photolithographic 

masters is ideal and eliminates more complex fabrication methods and additional 

fabrication steps.  

Solvent imprinting is gentle enough to allow 10 or more replications using a single 

master; whereas, thermal embossing techniques generally result in delamination of the 

SU-8 from the silicon. Preliminary work on solvent welding of imprinted PC 
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microchips is also presented with a focus on screening of different materials for use as 

sacrificial layers to protect channel geometry during welding. 

 

Experimental 

The solvents tested were: methylene chloride, cyclopentanone, tetrahydrofuran 

(THF),and Dichloroethane (DCE). Solvent exposure was: A) 10 s exposure of one 

face and B) 1 min RT dry time. A featureless piece of PC (extruded sheets, McMaster-

Carr, thin ~1/16” thick sheets tend to bow from solvent exposure so thicker ~3/8” 

thick pieces were generally used) was soaked in solvent in a watch glass. A Carver 

hydraulic press was used for imprinting. Imprinting parameters were: A) 150-1000 psi 

and B) The pressure was held for 30 min – 24 hr. The PC was demolded from Si 

master after waiting ~48 hr at RT by gently prying the edges with razor. To perform 

bonding: A) holes were drilled in the PC,  B) the imprinted face was conformally 

sealed to a piece of PDMS, C) a sacrificial material was heated, D) the sacrificial 

material was sucked into channels & holes with syringe, and E) allowed to 

cool/harden. The sacrificial materials tried were: wax, water-soluble wax, low melting 

temp alloy, and agar. The Carver hydraulic press welding parameters were: A) 50-500 

psi and B) pressure was held for 0.5-1.5 hr. To removed the sacrificial layer it was 

either melted and evacuated or dissolved. 

Resutls 

Long cycle times due to demolding (several days) are currently appropriate for 

R&D applications. Teflon drylube and placing in a box with dry air flow had little 
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effect on release. Ridges at the channel walls currently limit accuracy/precision. 

Channel widths (50 – 250 µm) had little effect on imprint quality. Larger depths (250 

µm) did not imprint completely. Taking thin strips of PC (50-500 µM), softening one 

side of a thicker piece of PC (3/8”), sticking the thin piece to it and then softening the 

thin piece in solvent was attempted and preliminary results suggest this technique 

could permit greater depth imprints (essentially more material is softened). 

Applied pressures and hold times had no apparent effect on accuracy, precision, or 

ridges. Low solvent exposure times (<<10 s) resulted in incomplete imprints. Long 

exposure times (>>10 s) caused excess softened PC to squish out of the assembly and 

also hindered release.  

The optimum solvent is DCE. Methylene chloride evaporated too quickly and 

cooled the surface which results in surface whitening & texturing. Cyclopentanone 

clouded/whitened the surface and resulted in crazing (surface cracking). THF 

clouded/whitened the surface unless fresh; it is hypothesized that this is caused by 

water absorbed by the solvent. There is evidence of a change in PC surface 

morphology due to solvent evaporation. Crazing was observed if pressure applied 

before welding to solvent exposed substrates and a lower apparent glass transition 

temperature of surface was also observed. 

Preliminary results with sacrificial layer result are promising. Low melting 

temperature alloy and wax are difficult to remove from channels and require heating 

of the entire PC chip. In this case, care must be taken to wait about 1 week so that 

trapped solvent does not cause bubbles in the polymer. Water soluble wax is viscous 
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and difficult to fill small cross section (50 x 50 µm) channels but is easily removed. 

Agar has tunable viscosity/hardness (by varying the solid to water ratio), solidifies at a 

temperature well below its melting temperature allowing easy filling, it is water 

soluble which allows facile removal, but it may be more susceptible to the bonding 

solvent. 

Future work necessary to make the technique more feasible and useful includes: 

optimizing sacrificial layer welding parameters, optimizing imprinting parameters for 

higher depth imprinting, identifying ridge formation conditions to improve accuracy 

and precision, evaluating potential surface morphology change, and exploiting it if 

possible, investigate incorporation of other materials (PMMA, PDMS, fiber optics), 

and developing solvent etching methods for PC to generate spherical channels for 

valving/pumping. 

 Initially imprinting pressure was applied by using lead bricks, but often this 

resulted in none uniform imprints due to slanting bricks or the act of placing them on 

the substrate which may have moved the master. To improve the adhesion of SU-8 on 

the masters during imprinting, a thin (~15 µm) layer of SU-8 was spun on the Si wafer 

and the entire surface was crosslinked. The feature layer was then spun on top of this 

“adhesion layer.” Although this dramatically improves SU-8 adhesion the substrate, 

imprinting still often removed the entire SU-8 film (poor demolding conditions as 

described above).  

 A related side project concentrated on using hot embossing and solvent 

imprinting to directly embed optical fibers and electrodes into channels. Alignment is 
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difficult and in future work guide features should be patterned onto the master. During 

embedding wires for electrodes, the wires had a tendency to pull away from the 

channels (if flush with the channel wall). It was found that running the wires over a 

channel allowed for less critical alignment and kept them from pulling away as much. 

Perhaps a feature to run the wires over would help keep them in place during 

embedding. Sometimes polymer material is pushed in-between the wire and the SU-8 

channel feature, but based on optical inspection, it appeared that there was always 

some bare wire exposed to the channel. This issue is less of a problem with optical 

fibers, as generally, one would want them isolated somewhat from the fluidic channel.   

 Figure 1 shows a solvent imprinted channel that has been protected with low 

melting temperature alloy and then was solvent welded. The chip was cut to image the 

channel cross-section. Figure 2 is a comparison of the imprinted channel dimensions 

to the master dimensions. Figure 3 is another such comparison but using an individual 

experiments profile trace to visualize the differences/agreement. Figure 4 is another 

profile trace that shows the ridges that can often occur if solvent imprinting conditions 

are not optimized. Figure 5 is a 2D photo of a solvent imprinted microchannel in PC. 

Figure 6 is a flow schematic showing the steps in the solvent imprinting and solvent 

welding process. 
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Figures 
 

 
 
Figure 82. Photo of solvent imprinted channel, filled with low melting temperature 
alloy, and then solvent bonded and fractured. 
 

 
 
Figure 83. Comparison of imprint dimensions to master dimensions. 
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Figure 84. Profile trace of an imprint compared to a profile trace of the master. 
 

 
 
Figure 85. Profile trace of an imprint with significant ridge formations. 
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Figure 86. Photo of an imprinted channel. 
 
 

 
 
Figure 87. Schematic summarizing the solvent imprinting and bonding process. 
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