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More than 1.2 million people worldwide require regular hemodialysis therapy to 

treat end stage renal failure. In the United States alone, there are 300,000 patients and the 

National Kidney Foundation predicts that this number will double in the next 10 years. 

Currently most dialysis patients receive treatment at a dialysis center and need three 4-5 

hour treatments each week. While these treatments are useful, more frequent and longer 

duration dialysis better simulates natural kidney function. Consequently, at-home 

hemodialysis is expected to provide patients a better quality of life. Current hemodialysis 

systems are too expensive to support at-home hemodialysis. Cost drivers include the 

capital costs of the hemodialysis equipment and the raw material costs of expensive 

hemodialysis membranes. Microchannel hemodialysers have smaller form factors 

requiring significantly less membrane while enabling reductions in the size and cost of 

capital equipment. Microchannel devices are typically made by microchannel lamination 

methods involving the patterning, registration and bonding of thin laminae.  Findings in 

this paper show that membrane utilization is highly dependent on registration accuracy 

with membrane utilization often dropping below 25%.  Efforts here focus on the 

development of a self-registration method for assembling microchannel hemodialysers 

capable of supporting registration accuracies below 25 µm over a 50 mm polycarbonate 

lamina. Using these methods, registration accuracies below 13 µm were measured over a 

50 mm scale. A mass transfer test article was produced with measured average one 



 

dimensional misregistration below 19 µm with a demonstrated membrane utilization of 

44.9% when considering both microchannel and header regions. Mass transfer results 

suggest that the device performed with a mass transfer area of 90.59 mm2. A design is 

proposed describing membrane utilization of over 79%. 
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Chapter 1 - Introduction 
 

Patients currently suffering from the most severe form of kidney failure, end-stage 

renal disease (ESRD), have few options when it comes to replacing the functions of their 

kidneys. They can either undergo an organ transplant or they can submit to a method of 

blood filtration. A renal transplant is the best choice when renal failure occurs but there 

are limited amounts of donor kidneys. The most popular type of blood filtration is 

hemodialysis. Hemodialysis is the process used to remove waste products such as 

creatinine and urea as well as free water from blood when kidneys are in renal failure.  

Patients undergoing hemodialysis give up large portions of their lives for 

treatment. The typical regimen consists of three 4 to 5 hour filtration sessions per 

week[1]. During these sessions, the patient’s blood completes a circulation through the 

body and the dialysis machine once every 20 minutes at a flow rate of 250 mL/min [2]. 

Such a high blood flow rate is unnatural and causes severe stress and nausea in patients. 

Some patients find that these symptoms return within hours of stopping hemodialysis 

treatments.  During time periods between treatments, waste products build up naturally in 

the blood [3].  When toxins reach high levels they begin to diffuse into the body which is 

one major factor in shortening life. Cardiovascular damage from these toxins is a major 

point of concern due to it being responsible for substantial morbidity and mortality[4]. 

Other side effects can include bone damage, muscle cramps, and abnormal heart rhythms 

among others. More than 1.2 million people worldwide require regular hemodialysis 

therapy, and of those, 300,000 are patients in the US[5], [6].   

Recent studies have shown that more frequent, long-duration hemodialysis will 

better simulate natural kidney function and significantly reduce negative effects on the 

body [7].  Microchannel-based hemodialysis represents a realistic opportunity for long-

duration dialysis at home by allowing for a more compact unit that can be operated at 

home.  The smaller form factor is attributed to the higher mass transfer rates associated 

with microchannel-based hemodialysis [8].  As a result, microchannel hemodialysers 
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require less membrane material providing an opportunity to significantly reduce costs.  

Also, smaller microchannel hemodialysers can reduce the overall size of the hemodialysis 

system, thus decreasing system capital requirements and making hemodialysis more 

affordable at home.  

1.1 Membrane Separation 
Membrane separation is the process of using a membrane to spatially separate 

chemical species. Some applications of membrane separation include reverse osmosis, 

microfiltration, and dialysis. Most of these applications are pressure driven. 

Microfiltration and ultrafiltration are often used in the food and beverage processing 

industry, biotechnological applications, and water purification. Gases can even be 

separated through the use of membranes [9]. 

There are typically two main flow configurations for membrane separation 

processes: cross-flow and dead-end flow filtration. In cross-flow filtration, flow is 

tangential to the surface of the membrane with retentate fluid on one side of the 

membrane and permeate fluid on the other side.  In dead end filtration, the flow is normal 

to the membrane surface [10]. Dead-end membranes are easier to manufacture and 

implement than cross flow but they also foul up the membrane faster than cross flow 

filtration due to the forces used to drive solutions through the membranes [10]. Fouling is 

not as common in the cross-flow configuration because the cross flow creates a shear 

force that prevents clogging of the membrane.  

A counter-flow configuration is more efficient but it can be harder to implement. 

One of the most common types of counter-flow setups is hollow fiber filtration.  Hollow 

fiber filtration modules are popular due to their high surface area, lower fouling, and 

ability to withstand high pressure gradients. Hollow fiber modules are very efficient due 

to their large area and can contain up to 10,000 fibers ranging from 200-2500 µm in 

diameter. Hollow fiber filtration modules are the current filtration method used in 

hemodialysis to filter toxins from blood [11]. 
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1.2 Arrayed Microchannels  
In the case of microchannel hemodialysis, microchannels provide accelerated 

mass transfer to and from the hemodialysis membrane when compared with conventional 

hemodialysers.  The size of a microchannel is crucial since it controls the diffusion time 

as illustrated below in Equation 1: 

 

                
  

 
     (1) 

 

where D is the diffusional constant and x is the diffusional distance.  This suggests that 

for a diffusional phenomenon such as heat or mass transfer, as the diffusional distance 

changes, the diffusion time changes by the square of that distance.  Thus, the required 

residence time for 100 micrometer diameter channels would be 1/100th that for millimeter 

scale channels.  Under constant velocity conditions, the length of the 100 micrometer 

diameter channel would be 1/100th the length of a one millimeter diameter channel.   

Further, by arraying microchannels, high surface area to volume ratios can be attained 

which together with the accelerated mass transfer reduces the size of the dialyser.  This is 

the means by which the form factor of microchannel reactors and separators are reduced 

in size.  Based on this insight, microchannel hemodialysers have a clear size advantage 

over more traditional macro-scale dialysers enabling use in distributed and portable 

applications.  

1.3 Microchannel Hemodialysis 
Microchannel hemodialysers (MCHDs) have been constructed in the past by 

entrapping hemodialysis membranes (Gambro AN69ST) between polymeric laminae 

using a microchannel lamination scheme involving the patterning, registration and 

sealing.  Warner Tuhy and Anderson produced a test article to measure mass transfer of 

urea across the membrane in a microfluidic device[12]. This device was only capable of 

being used as a two laminae test article and was not capable of being a multilayer 

laminated device. Their device had 13 channels on each side of the membrane and used a 
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counter-flow setup to test mass transfer. These laminae have blood and dialysate channels 

on either side of a membrane that allows blood toxins and dialysate additives to diffuse 

across the membrane. A photograph of this device can be seen below in Figure 1. 

 

 
Figure 1: A photograph of Warner-Tuhy’s MCHD.[12] 

 

Figure 1 shows the headers overlap and that the two entrances and two exits are in 

different locations relative to each other. A more detailed view of the headers and 

channels can been seen below in Figure 2. 

 

 
Figure 2: Closeup view (left) of headers and channels in Warner-Tuhy dialyser.  Blood 

and dialysate channels used the same designs with the only difference that the inlets and 

outlets were offset from one another. 
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A detailed view in Figure 3 shows the fluid flow and a cross section of the device 

through both sets of layer headers (note that the layer headers are not actually aligned as 

suggested in the cross-section as shown in Figure 1. At one end of the device, dialysate 

enters on the dialysate lamina while blood is simultaneously exiting the blood lamina. At 

the other end of the device, dialysate is exiting the device on the dialysate lamina while 

blood is entering the device on the blood lamina. A membrane separates the two laminae 

and allows mass transfer to occur through it while not allowing the fluids themselves to 

mix. 

 

Outlet Dialysate Inlet Dialysate

Inlet Blood Outlet Blood

Blood Lamina

Dialysate Lamina

Membrane

 
Figure 3: Cross section view showing flow within the Warner-Tuhy dialyzer. 

 

Warner-Tuhy researched the effectiveness of using flat sheet AN69ST membrane 

for the removal of urea, creatinine and vitamin B12 from blood in her thesis [8]. 

Microchannel dialysis was demonstrated with channel sizes of 100 to 200 µm. Anderson 

also investigated MCHDs focusing on the performance of mass transfer within the device 

as well as measurement of flow distribution within the device using an impulse response 

technique in his thesis[13]. The two-sided lamina design described in these theses is 

shown below in Figure 4. The device design was constructed using a cross-flow 

configuration in order to avoid aligning channels on top of one another. The amount of 

membrane exposed to both blood and dialysate in this device was 12.5%. This device was 

capable of being stacked to produce a multilayer laminated device. 
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Figure 4:  Front and back of the cross-flow microchannel hemodialysis design evaluated 

by Warner-Tuhy [8] and Anderson [13]. 

 

1.3.1 The Importance of Registration 
A key cost driver for current hemodialysers is the raw material costs associated 

with the use of expensive hemodialysis membranes.  One advantage of using MCHDs is 

that the smaller form factor has the ability to use significantly less membrane.  MCHDs 

are typically made by microchannel lamination methods involving the patterning, 

registration and bonding of thin laminae.  

To determine the amount of membrane required in one of these devices, some 

calculations are required. Urea mass transfer is the standard for dialyzer performance 

characterization and will be used to characterize and evaluate the performance of this 

device [14]. The human body contains approximately five liters of blood. Typical urea 

concentrations in the human body are between 6-24 mg/dL in healthy people. High blood 

urea levels typically mean that kidneys are not working well, especially if the 

concentration is above 50 mg/dL[15]. Using a concentration of 50 mg/dL a patient in end 

stage renal disease may have 2500 mg of urea within their blood stream[15].  Assuming 

that this level of urea is removed from the blood during dialysis treatment, a MCHD 

would require 6 hours (360 minutes). Calculating the average mass transfer rate, mtrans 
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[mg/min], using these numbers yields a result of 6.94 [mg/min].  Using Equation 2, it is 

possible to determine the area of membrane required for MCHD device: 

 

                            (2) 

 

where k [cm/min] is the average mass transfer coefficient, C1 [mg/dL] is the blood urea 

concentration at the start of the treatment and C2 [mg/dL] is the urea concentration in the 

dialysate exiting the device. A k value of 0.08 [cm/min] was determined for a MCHD by 

Warner-Tuhy for 200 micrometer wide channels that were 100 micrometers deep [12]. 

Operating conditions in her experiments included blood velocities of less than 5 cm/min 

and pressures around 3 psi. Using a value of 50 mg/dL for C1 and a value of 25 mg/dL 

for C2, suggests that a membrane area of approximately 347 cm2 would be required. 

Currently the membrane costs $0.018 per cm2 based on the price of a single roll. This 

cost is expected to come down with volume production. Based on a membrane cost of 

$0.018 per cm2, the membrane cost per device would be over $6. This assumes that all of 

the membrane is used for mass transfer, (i.e. 100% membrane utilization). Due to the 

need for channel headers, membrane supports between channels, and bonding area 

around the periphery of the device for hermetic sealing, not all of the membrane can be 

utilized for mass transfer i.e. membrane utilization must be less than 100%. 

Consequently, this will drive up costs. The estimated membrane utilization of the cross-

flow design in Figure 4 would be about 12.5% pushing the membrane cost per device to 

$50; well above the current cost of hemodialysers. 

To improve membrane utilization, the use of counter-flow designs is desired.  In 

Figure 1, Warner-Tuhy implemented a counter-flow configuration which used 200 µm-

scale wide ribs to support a 20 µm thick membrane placed over the channel array[12].  

Membrane utilization is reduced based on areas where the membrane does not contact 

both fluids simultaneously. For example, to minimize membrane deflection which might 

lead to rupture, Warner-Tuhy used membrane spans (channel widths) of 200 µm between 

ribs (Figure 5A).  Further, if ribs are not closely aligned they will either partially or 
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completely block adjacent channels leading to even worse membrane utilization as shown 

in Figure 5B.  Specifically, if the 200 µm configuration discussed above was assembled 

with a 100 µm misregistration, a 50% reduction in membrane utilization would occur 

within the channel array.   

 

 
Figure 5:  Effect of misalignment on membrane utilization in a counter-flow design. (A) 

Perfect alignment between microchannels. (B) A misregistration of 50% leads to 50% 

less membrane available for mass transfer between channels. 

 

The chart below shows the membrane cost per device as a function of membrane 

utilization for a counter-flow MCHD.  As utilization of the membrane decreases, the cost 

of the membrane per device increases exponentially. 

 

 
Figure 6: Membrane cost per device as a function of membrane utilization based on 

required area from Equation 2. 
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The effect of both channel array design and misregistration on membrane 

utilization over the channel array of a device is presented in Figure 7.  The model 

assumes that misregistration is occurring as shown in Figure 5B and does not consider the 

effects of misregistration orthogonal to the cross-section. 

 

 
Figure 7: Sensitivity analysis of the effect of Mis-Alignment on Membrane Utilization in 

device with varied channels and rib sizes. 

 

One implication of Figure 7 is that the wider the channels and narrower the ribs, 

the higher the membrane utilization. However, narrow ribs must be aligned more 

precisely to support membrane on the other side of the device. Membrane utilization is 

not given for several configurations having 50 µm wide ribs with 50 µm misregistration 

since the membrane becomes unsupported. In the sensitivity analysis in Figure 7, two 

configurations provide membrane utilizations approaching 80% and several others at or 

approaching 70% with a 25 µm misregistration. Therefore, the objective of this paper is 

to develop a registration method compatible with polymer hot embossing that will enable 

25 µm registration layer-to-layer for supporting microchannel hemodialysis. 
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Chapter 2 - Microchannel Hemodialyser Design 

2.1 Performance Requirements 
There are many limitations in the design and fabrication of a MCHD that need to 

be defined and addressed. A MCHD must meet or exceed the same standard of mass 

transfer performance that current hemodiaylzers are exhibiting while costing less or the 

same as current hemodiaylzers. There must be a low pressure drop within in the device in 

order to allow for the use of low powered pumps which provide further cost savings. The 

device also needs a uniform flow distribution across all the channels and throughout each 

layer of the device to allow for constant and efficient mass transfer to occur. To optimize 

the mass transfer in the MCHD, a counter-flow implementation is required so that 

gradient across the membrane is constant throughout the device. Since devices are often 

benchmarked by urea transfer, that will be the standard used in this study. The mass 

transfer coefficient of a dialyzer characterizes the devices ability to transfer a given solute 

from the bloodstream. overall mass transfer coefficient, Ko, is more often reported in 

open literature, and it is largely insensitive to the length of microchannels/follow fibers 

and initial solute concentrations. Thus, it can be used to compare mass transfer 

efficiencies of dissimilar (in size, type, and architecture) hemodialyzer devices. The mass 

transfer coefficient in current hollow fiber hemodialysers is for urea is 0.049 to 0.051 

[cm/min][12]. Warner-Tuhy’s research had an average of 0.08 [cm/min] which shows an 

improved efficiency if costs can be controlled. 

2.2 Material Requirements 
Several constraints are needed in order to develop a self-registration method for 

assembling MCHDs.  The application in which the device will be functioning limits the 

materials that the device can be constructed from. Temperature, bioactivity, and 

processability are important factors when selecting materials for hemodialysis. Material 

requirements for the lamina materials are listed in Table 1. Since the dialysis process 

does not run at high temperatures, polymers are suitable for application. The material 

selected needs to be a food-grade material, as it will have the greatest chance of obtaining 
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FDA approval for the final device.  Furthermore, the final device would need to be 

cleaned and sterilized before coming into contact with blood. Four plastics will be 

critiqued on these criteria in the following sections. 

 

Table 1: Material requirements for lamina in microfluidic hemodialysis devices. 

Material Requirement Reasoning 
Inexpensive Device needs to be disposable (1 per day), and not 

pose a financial restraint to the patient 
Thermoplastic behavior Complies with proposed manufacturing procedures 

Gamma-Irradiation Stable Gamma-irradiation will be used to sterilize the final 
device, and also to covalently bond the surface 

coating material and should not the properties of the 
material. 

Chemically/Biologically inert Material should biologically compatible (i.e. food 
grade material) 

 

2.2.1 Mechanical/Thermal Properties 
The thermal and mechanical properties of 4 possible plastics can be seen in Table 

2. The tensile strength and modulus are important for the final product since it will be 

held together with a clamping device and need to distribute force through the structure 

evenly. The glass transition temperature affects the amount of energy and possible tools 

that can be used for embossing and molding of these devices. 

 

Table 2: Glass transition temperature and mechanical properties of PMMA, PC, PEI and 

PSO. 

Plastic Glass Transition 
Temperature(⁰C) 

[16] 

Tensile 
Strength 
(MPa) 

Tensile 
Modulus 

(GPa) 

Elongation 

Polymethyl 
Methacrylate (PMMA) 

85-105 70[17] 3.0[17] 5.1%[17] 

Polycarbonate (PC) 140-150 62-
65[18] 

2.3[18] 110%[18] 

Polyetherimide (PEI) 215-220 85[19] 2.9[19] 80%[19] 
Polysulfone (PSO) 185-195 70[20] 2.5[20] 50-100%[20] 
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2.2.2 Chemical Resistance 
PMMA resists organic acids, diluted minerals as well as diluted alkaline solutions 

but is chemically susceptible to many common products. Some of these are acetone, 

alcohol, ethyl alcohol, ammonia, hydrogen peroxide, methanol and petroleum [21]. 

PC is resistant to many chemicals including water, oils, peroxides, acids that are 

relatively low in acidity and alcohols including isopropyl. However it is very susceptible 

to acetone, mineral spirits and strong bases. Polycarbonate cannot be using in steam 

applications for long periods of time due to hydrolysis. Polycarbonate reabsorbs water 

when exposed at high temperatures [22]. 

PEI is resistant to salt solutions, dilute bases, gasoline, aliphatric hydrocarbons, 

alcohols and mineral acids. Although it has good chemical resistance, it can be attacked 

by partially halogenated solvents such as methylene chloride, trichloroethane and strong 

bases. GE has introduced a specialized PEI, Ultem 6000, that has better chemical 

resistance to partially halogenated solvents [23]. 

PSO has good resistance to mineral acids, alkalis, salt solutions and aliphatic 

hydrocarbons. They are not resistant to paint strippers, hydraulic fluid, methylene 

chloride and MEK. Solvents like methylene chloride ethyl acetate attack or dissolve 

polysulfone. Polysulfone is highly resistant to water and they are able to maintain 

mechanical properties in hot, wet environments such as those in medical and food service 

applications [23]. 

One of the most important requirements is the ability to sterilize the device. It 

would be preferred all the sterilization is done with gamma irradiation due to other 

processes that need to be performed on this device in the manufacturing of the device and 

the coatings that will be applied to it. 

PC is capable of being sterilized with gamma irradiation and does not need to be 

chemically sterilized[24]. PEI is UV and gamma radiation resistant and thus meets the 

requirement for sterilization through either of those procedures [25], [26]. PMMA is also 

capable of being gamma irradiated but at higher doses tended to show some kind of 

degradation[27]. Of these degradations that occurred, free radicals were increased but 
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these reduced with time after exposure. The mechanical properties of the PMMA seemed 

to be effected minimally [28]. PSO can be sterilized gamma irradiation, electron beam 

radiation, steam and ethylene oxide[29]. 

2.2.3 Bioactivity 
PMMA, PC, PEI and PSO are all listed as FDA approved plastics for contact with 

food products and they also meet the FDA USP Class VI requirements which are for 

medically approved materials. This does not guarantee that the final device will be 

medically capable. The processing and chemicals that come in contact with the device 

through processing can affect this and must be carefully planned in order to acquire FDA 

approval. 

PMMA has good biocompatibility with human tissue and is currently used in 

surgeries for bone anchors and optical implants [30]. PC has been used for implantable 

devices in the biomedical industry. It can be disinfected with common clinical 

disinfectants such as isopropyl [24]. There have been developments with PC to allow 

gamma irradiation without discoloration occurring, thus allowing it to stay optically clear 

after sterilization [24]. PEI has been used in membrane and artificial muscles in the past. 

It is considered biocompatible for with blood and urine which will be important in a 

dialysis device [31]. It has also been used for implementation into muscle in bone in 

place of metals and been found to be suitable for clinical applications[32]. PSO has been 

used in biomedical applications in conjunction with carbon fiber to create the matrix for 

the composite. It was found that the effects of this composite were negligible and further 

studies should be conducted [33]. The surface of PSO has also been modified in some 

research to change the contact angle and hydrophobicity of the plastic. It was proposed 

that these modifications could be used to prevent platelet adhesion on polysulfone 

surfaces. This surface treatment could be incredibly useful in a dialyser device since 

platelet adhesion could clog microfluidic channels [34]. 
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2.2.4 Final Polymer Selection 
While PMMA is approved for biomedical applications, it costs less than all of the 

other plastics and is very rigid, its chemical resistance, sterilization through gamma 

irradation and durability could be of concern depending on the manufacturing process 

and force used to assemble the device. Polycarbonate appears to be one of the better 

choices due to its balance of cost and durability and resistant to most chemicals. PEI is 

incredibly strong and resistant to chemicals but is very expensive. It also has a high glass 

transition temperature which makes it is harder to emboss and mold. While polysulfone 

has some of the best physical properties, due to its high modulus and elongation, as well 

as great chemical resistance, it is also the most expensive of all these plastics and thus is 

not suitable for production of these devices. It would appear polycarbonate is the best 

selection with PMMA right behind it. The PMMA could be a possible choice with more 

investigation into the gamma irradiation effects since it costs less than PC. 

2.3 Fabrication Requirements 
The key fabrication steps for microchannel arrays involve patterning and bonding 

of microchannel laminae.  Patterning involves machining, forming or molding the 

microchannel array and headers into a thin layer of raw materials.  Bonding joins the 

laminae into a monolithic whole. 

2.3.1 Patterning 
 Polymers can be patterned in a variety of ways to fabricate parts that can be used 

for a wide array of applications.  They can be directly processed with laser machining or 

micro-milling. They can also be molded into a shape through the use of a master as is 

done with hot embossing or injection molding. Molding is more scalable to high 

production volumes. The method chosen depends to some degree on whether blind or 

through features are required. Blind features are used for making channels, headers and 

features on the surface of polymers. Through features allow fluids to pass through the 

lamina. These are typically holes made to allow fluids to flow through the device or to 

allow for pins or other objects used for layer-to-layer registration. 
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Hot embossing is a well-established technique for the fabrication of micro-scale 

features in polymers [35].  Hot embossing is the process of pressing a master into a 

polymer lamina at or above the glass transition temperature of the lamina [36].  It has 

been used to achieve features as small as 50 nm with high aspect ratios. It can require 

pressures of 10 MPa or greater and can take anywhere from 1-10 minutes depending on 

part size, feature size and process parameters required.  The cost effectiveness of hot 

embossing relative to other techniques like elastomer casting or injection molding as 

production scales up is shown in Figure 8 although web-based roller embossing may have 

even better economies of scale than what is shown[36]. 

 

 
Figure 8: Economy of scale considerations for three polymer replication processes. [36] 

 

Many methods can be used for the production of hot embossing masters. The key 

attribute of the master is that it must survive hot embossing temperatures with minimal 

distortion. Blind features are machined into the master and are then transferred to the 

final part through hot embossing. The glass transition temperature (GTT) of the polymer 

sets the lower limit on the embossing temperature and the upper limit on operational 

temperatures. Polycarbonate (PC) and polymethyl methacrylate (PMMA) have GTTs of 

160 ⁰C and 105 ⁰C, respectively.  The GTT of the laminae limits the materials that can be 

used for masters. There are a number of ways to make blind features within masters 



16 
 

including photochemical machining, laser machining and micro-milling. Alternatively, 

thick photolithography can be used to form masters with blind features. 

Laser machining provides a programmable means for producing blind features in 

polymer masters through the thermal evaporation (or chemical ablation) of the material 

caused by the focusing and absorption of a high-intensity laser beam on the surface of the 

polymer [37]. The concentrated energy of the beam evaporates (or ablates) the material at 

the focal point. The geometry can be produced through the use of a mask that exposes the 

substrate to the beam where material removal is desired or patterns can be produced by 

moving and rastering the laser or substrate in the focal plane [36]. Typically lasers used 

for this are pulsed lasers with wavelengths of 193 nm [ArF], 248 nm [KrF] and 308 nm 

[XeCl]. Nd:YAG lasers with wavelengths of 266, 352 or 532 nm[38] are used as well. 

Typically a micromachining laser cuts in the material between one and 100 micrometers 

deep per pass depending on the material and laser parameters. To achieve deeper and 

wider channels, multiple passes must be made which causes a characteristic roughness in 

laser-machined microchannels.  

2.3.2 Bonding 
In addition, the device must have a means to seal the microchannels hermetically.  

Prior work by Warner-Tuhy and Anderson hermetically sealed channels through 

compression sealing involving the use of the membrane as a gasket outside of 

microchannel areas [8][12][13]. In this work, sealing bosses are used to further 

concentrate compressive forces to improve the compression seals. Sealing bosses have 

been demonstrated to be effective in concentrating clamping forces in the compression 

sealing of polymeric microchannels using polydimethylsiloxane [39]. In MCHDs, 

hemodialysis membranes are on the order of 20 µm in thickness requiring sub-10 µm 

high sealing bosses. Kim et al. demonstrated laser machining methods for producing 

grooves in hot embossing masters that produced sub-10 µm high sealing bosses in 

polycarbonate [40].  However, no methods have been reported for the use of sealing 

bosses in concert with 20 µm-scale membranes for the compression sealing of a 

microfluidic device. 
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2.4 Registration Methods 
Prior to compression sealing, laminae must be registered to one another. As 

discussed previously, registration methods have a large impact on membrane utilization 

in counter-flow MCHD designs. Many MEMs devices are aligned with high precision 

using computer-aided laser alignment systems. These systems are expensive and other, 

less expensive methods could possibly implemented in the fabrication process to reduce 

costs. 

In the past, MCHD devices have used pin registration to align laminae to each 

other. Pin registration is ideal from a geometric design and tolerance perspective. Two 

pins inserted into a fixture plate can restrict all six degrees of freedom (three translational 

and three rotational). Typically, the primary datum is the surface below which eliminates 

three degrees of freedom (two rotational and one translational) followed by a secondary 

pin datum which eliminates two translational degrees of freedom followed by a tertiary 

pin datum which eliminates the one remaining rotational degree of freedom.  

Alternatively, tighter tolerances on the first pin datum can result in the primary datum 

being the pin which eliminates four degrees of freedom (two translational and two 

rotational) followed by a secondary pin datum which removes one rotation and the 

bottom surface which eliminates one translation. One disadvantage of pin registration is 

the size of the registration features needed for registering the thin polymer laminae. Pins 

must be rigid and, therefore, have larger diameters.  Further, pin registration features 

must be through holes which can become leakage paths.  Also, because of their size, pin 

registration features are typically placed on the outside of the device further away from 

features that require registration. In thin polymer laminae that distort easily, this can lead 

to registration challenges. Finally, pin registration is difficult to implement within high 

speed roll-to-roll manufacturing which is likely needed to support production.  

Traditionally there has been very little work regarding the self-registration of 

micro-scale features. Paul and Thomas, and Wattanutchariya and Paul, investigated the 

self-registration of laminae within microchannel arrays[41], [42]. Paul and Thomas 

developed a system called Thermally-Enhanced Edge Registration (TEER) for self-
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aligning diffusion-bonded laminae. This method of alignment took advantage of the 

thermal expansion mismatch between the fixture and laminae during a diffusion bonding 

cycle to self-register metal laminae. Wattanutchariya and Paul investigated the use of 

compliant fixture features to reduce the sensitivity of the TEER method in the self-

registration of stainless steel diffusion-bonded laminae [42]. Both researchers were able 

to produce registration below 10 µm for 50 mm components. Measurement of 

misregistration involved measuring the distance between machined fiducials on adjoining 

laminae through the use of an optical microscope at 200X. A scanning electron 

microscope (SEM) was used to verify the measurement system. Other researchers have 

attempted similar registration methods for semiconductor device production which used 

Au coatings to enhance surface interactions between parts [43]. A single spiral, self-

registration pattern was suggested to provide more precise device registration in this 

setup as it generates both a radial force and a torque. However, these methods of self-

alignment are not suitable for flimsy polymer laminae and could possibly interfere with 

microfluidic structures. 

One goal of this research is the development of a self-registration method that can 

support the registration requirements of the thin polymer laminae used in MCHD. To 

accomplish this, nested alignment features will be used to restrict all 6 degrees of 

translational and rotational freedom between laminae [44]. Design of the nested 

alignment features will incorporate principles for good workholding tool design. The 

registration features will use no more points of contact than necessary to secure location 

in any one plane. Redundant or duplicate features will be avoided except where the 

lamina is distortable. 

2.5 MCHD Design Rationale 
Figure 9 shows a schematic cross-section of the lamina design to be implemented 

in this research. One hundred-micrometer scale channels are embossed at the same time 

as sealing bosses and self-registration features. A 20 µm thick hemodialysis membrane is 

inserted between the laminae to provide mass transfer and also to provide gasketing in 

concert with the sealing bosses. Sealing bosses compress the membrane forming 
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compression seals around all channel and header features while the self-registration 

features nest with one another to improve the accuracy of registration. Membrane is 

required over the sealing bosses but not over the registration features. In this paper, 

membrane will be placed between the registration features for ease of assembly. 

The ability to produce lamina features at multiple depths is critical to this 

application. In this work, laser machining is used to create hot embossing masters. 

Channel, header and registration troughs are laser machined into PEI masters and 

transferred via hot embossing into polysulfone (PSO) submasters. Then sealing bosses 

and registration ridges are laser machined into the PSO submaster which is used to 

transfer channels, headers, sealing bosses and self-registration features into PC substrates 

using hot embossing[40]. Afterwards, through holes are cut into PC laminae using laser 

machining.  Finally, the laminae are stacked, registered and placed within a clamp for 

evaluation. 

 

 

 
Figure 9: Conceptual cross-section of a microchannel lamina with all three depth levels. 

  

Sealing Bosses Channels Alignment Features 
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Chapter 3 - Experimental Approach 
 

3.1.1 Experimental Objectives 
The objectives of the following experiments are to investigate the current levels of 

misregistration, a means to achieve the needed tolerance of 25 µm and to demonstrate 

that the new registration method can be used to efficiently implement a counter-flow 

membrane separation device. To do this, a self-registration method was designed using 

nested features on the laminae themselves. Registration fiducials were used between 

corresponding laminae to measure misregistration. Experiments were conducted to 

investigate the source of misregistration between polymer laminae and to refine 

registration methods. Finally, self-registration methods were refined to register and align 

a mass transfer test article to evaluate the efficiency of the device. 

3.2 Misregistration Analysis 
Two laminae were designed to have two perpendicular alignment ridges that nest 

in alignment trenches on the corresponding lamina. These registration features were 

placed near the edges of the laminae to be as far apart as possible.  Together the two 

ridges restrict three degrees of freedom (two translational and one rotational). Placement 

of the two laminae on top of one another eliminates three additional degrees of freedom. 

After registration, the two laminae were clamped together with an alignment ridge and 

trough facing each other using a clamp (Figure 10). The clamp (Figure 11) provided 

optical access to the middle of the laminae to interrogate misregistration by measuring 

the distance between fiducials on both laminae using an optical microscope at 200X. No 

channels, headers or sealing bosses were required for this analysis. 
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Figure 10: Laminae with ridge (left) and trough (right) alignment features marked with 

corresponding alignment fiducial positions.  Laminae are assembled along a fold line 

between the laminae. 

 

 

 
Figure 11: Clamp used to properly locate the surfaces of the laminae and limit the 

degrees of freedom. 

 

As mentioned, the laminae designs included fiducials for measuring the alignment 

between the two laminae. The rationale for this design and measurement method is based 

upon the work of Paul and Thomas. They used an optical microscopy method to measure 

the misalignment of lines machined on each lamina through a window using fiducials 

(Figure 12) [41].  
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Figure 12: Measuring and misalignment within a window with line markers [41]. 

 

 

Since the laminae in this research are transparent, a window is not needed and 

fiducials can face one another keeping the measurement in one single plane which is 

important for optical microscopy.  Optical microscopy measurements were made in two 

directions with the use of fiducials instead of lines which only allow one dimensional 

measurements. Misregistration measurements were performed on an optical microscope 

(Leica DMLM x200) zoomed to 200X using a video overlay (Boeckder VIA-100). The 

crosshairs of the video overlay were put in the middle of the laser machined lines to 

account for variability in line widths. A total of five laminae sets were measured using 

the optical miscopy technique described above to measure the misalignment at each 

measured location. Each lamina set had a total of 20 measurements taken. Each of the 

five crosshair locations was measured 4 times, twice in the X direction (once at the top 

and bottom of the crosshair), twice in the Y direction (once at the left and right of the 

crosshair). This was necessary in the case where the test article did not rotational align 

with the video overlay. Each lamina set was fabricated and loaded in the same manner to 

reduce the amount of variability. The dependent variable was the amount of 

misregistration at the specific location of the crosshair. There were no independent 

variables varied in this experiment. An image displaying the fiducials on the optical 

microscope detailing the measurement process with the overlay can be seen in Figure 13. 
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Figure 13: Image from the optical microscope with the overlay showing measurements in 

two directions. 

 

Each lamina was produced using an embossing process similar to the embossing 

process discussed in section 2 above. PEI masters were produced using an ESI 5330 UV 

laser processing system. The PEI masters contained both alignment features and fiducials 

that were used to measure alignment. Laser machining involved a scan speed of 100 

mm/second and a frequency of 30 kHz.  Alignment ridges were cut with a laser power of 

1.1 watts and the fiducials were cut with a power of 0.2 watts. PEI masters were directly 

hot embossed into polycarbonate to create the ridge lamina. To create the trough lamina, 

the PEI master was hot embossed into polysulfone which was hot embossed into 

polycarbonate. A Jenoptic Nanoimprinting System (Model HEX01) was used to perform 

the hot embossing procedures.  

A flow chart of the procedure used to produce samples and test articles can be 

seen in Figure 14. The PEI master was embossed into PSO at a temperature of 195 ºC for 
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240 seconds at a pressure of 556 PSI. The PEI and PSO masters were embossed into PC 

at a temperature of 175 ºC for 240 seconds at a pressure of 5556 PSI. The nanoimprinting 

system warms up and cools down within minutes but there is some variation in the speed 

at which this occurs. 

 

 

 
Figure 14: Flow chart of the fabrication process to create two nesting test laminae. 

 

In order to improve the registration between laminae, positional errors were 

measured from the embossed features. This was performed on a coordinate measuring 

machine (Mitutoyo BHN305) adapted with an optical probe (Ram Optical Video Probe, 

ROI 30-4000-00). The datum of the system was set using fiducials 1 and 4 as the y axis 

and fiducials 1 and 2 as the x axis. Next the distances between the datums and fiducials 

were measured to determine positional error. Five samples of each lamina were measured 

to determine the precision and accuracy of the patterning process.  

Optical measurements and coordinate measuring machine measurements were 

calibrated using the KR-812 micrometer that can be seen in Figure 15. An analysis of 

variance (ANOVA) was performed on the data to help determine the causes of variation 

in the registration. 
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Figure 15: KR-812 / 25mm Stage Micrometer / 1.0mm-.1mm-.02mm divisions. 

 

3.3 Mass Transfer Tests 
In order to validate the effectiveness of the self-registration method, several 

MCHD test articles were produced requiring the integration and assembly of a membrane 

between polycarbonate microchannel laminae.  To determine the effectiveness of the self-

registration methods, mass transfer results of the test articles were compared with 

expected mass transfer based on mass transfer coefficients derived from Warner-Tuhy 

[12]. 

3.3.1 Test Articles 
Laminae designs for the test articles are shown in Figure 17. The channel arrays 

mimic those of Warner-Tuhy [12] with 13 channels having the same channel depth (100 

µm) and channel width (200 µm) and an estimated rib width of 200 µm. Channel header 

designs are also similar. Although these designs are similar, they differ from Warner-

Tuhy in several key ways. First, self-registration features are used to register the laminae 

to one another; ridges on the bottom and troughs on the top laminae. A major difference 

here from the registration features proposed in section 3.2 is that there will be membrane 

over the registration features in this design. While the bottom lamina utilizes pin 

registration holes to align the bottom lamina to the inlet and outlet holes of the clamp, no 

pin registration features exist on the top lamina. This is to ensure that the clamp pins do 

not influence the registration of the top lamina to the bottom lamina.  Second, sealing 

bosses are used around the edge of the channel headers and microchannel array to form a 

compression seal.  
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Urea-PBS Lamina

PBS Lamina

 
Figure 16: Diagram of alignment within the clamp. 

 

Third, in order to use sealing bosses, the headers and array have been made to 

mirror each other so that the length of the sealing bosses on the bottom lamina can press 

against a flat surface on the top lamina. 
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Figure 17: Laminae designs for the dialyser test articles used for validating improvements 

in registration:  bottom trough lamina (left); and top ridge lamina (right). 

 

Two different sets of aligned and misaligned test articles were produced. The 

difference in the two laminae designs is the position of one set of channels relative to the 

self-registration features. In the aligned case, the distance between the microchannel 

array and the self-registration features on both laminae was the same. In the misaligned 

case, this distance was off by the width of a single channel for one lamina (200 µm). 

Headers in both cases were aligned. Given that the width of the ribs separating the 

channels in the array were the same width as the channel, it was expected that no mass 

transfer would happen in the microchannel array region of the misaligned test articles.  

Therefore, mass transfer results for the first set of test articles were compared to expected 

results for a perfectly aligned test article (Figure 5A) whereas mass transfer results for the 

second set of test articles were compared to expected results for a test article with no 

mass transfer in the array.  

Fabrication of the dialysis test articles followed methods similar to those used to 

fabricate alignment test articles.  The bottom lamina was produced by laser machining the 

channel headers, channel array and alignment troughs into a PEI (polyetherimide) master.  

The PEI master was then embossed into polysulfone (PSO) and sealing bosses were laser 
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machined into the PSO. The PSO master was then used to emboss channels, headers, 

alignment troughs and sealing bosses into polycarbonate (PC). The PC lamina was then 

laser machined to create through holes and finally singulated to become a the finished 

bottom trough lamina. 

The top lamina was produced by first laser machining the channel array and 

headers into a PEI master. The PEI master was then embossed into PSO and alignment 

troughs were laser machined into the PSO.  Finally, the PSO master was used to emboss 

PC. The final top ridge PC lamina was singulated using the laser which included cutting 

off the registration corners as shown. An illustration of these two processes is shown in 

Figure 18. 

 

Lamina 1 Lamina 2Laser Etch PEI with 
Channels and Alignment 

Ridges

Laser Etch PEI with 
Channels
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PC Lamina 2

Emboss PSO into PC
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Figure 18: Schematic showing the process steps used to create the bottom (left) and top 

(right) laminae for the dialyser test articles. 

 

Following lamina patterning, a glycerol-coated AN69-ST membrane was laser 

machined as shown in Figure 19 prior to assembly between polycarbonate laminae.  The 

as-purchased membrane possesses a glycerol coating to prevent drying of the membrane 
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during handling prior to mass transfer testing.  For laser machining, the membrane was 

placed between two layers of polycarbonate to simplify handling of the membrane and 

ensure good flatness for machining. In the process, wrinkles in the membrane were 

removed by pressing.  Finally, through holes were cut into the membrane using an ESI 

5330 UV laser processing system to allow clearance in the use of alignment pins in 

registering the bottom lamina to the clamp.  

 

 
Figure 19: Membrane for the mass transfer test article. 

 

To perform mass transfer tests, the two laminae were placed into a clamp with the 

membrane between them. The clamp was specially-designed by Dustin Ward to apply 

uniform pressure across the microchannel laminae producing compression seals 

underneath PC sealing bosses. To monitor pressure distribution, the clamp was equipped 

with four force sensors installed around the base of the clamp. The clamp permitted flow 

to inlet and exit holes on both sides of the microchannel test article.  A foam gasket on 

the bottom of the clamp was used to assist in distributing force and further calibrating 

input forces. The clamp also permitted optical access and lighting so that optical 

microscopy could be used to investigate the test articles both before, during and after 

mass transfer testing.  A picture of the clamp can be seen in Figure 20. Additional details 
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in the clamp design will be provided in a future thesis to be published by Dustin Ward at 

Oregon State University. 

 

 
Figure 20: Exploded view of the clamping system with red and green lamina inside the 

clamp.  (Courtesy of Dustin Ward) 

 

 

The assembly of the test article involved placing the bottom lamina on top of the 

bottom platen of the clamp with channels facing up. The bottom platen has alignment 

pins that allow for the bottom lamina to align to the fluid inlet and outlet holes in the 

platen. The membrane is then loaded on top of this lamina, minding the alignment pin 
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location. Finally, the top lamina is placed on top of the membrane and registered to the 

bottom lamina using the self-registration features with the channel side down. Finally the 

second platen is placed onto the alignment pins from the first platen and the clamp is 

assembled. 

 

3.3.2 Mass Transfer Test Loop and Protocol 
To optically assess the level of registration in each test article, the flow 

distribution through the device and device leakage, water with red and green dye was 

loaded into the blood and dialysate syringes, respectively. A syringe pump (Harvard 

Apparatus Twin Syringe Pump Model MA1 SS-3333) was used in this experiment with 

two 5 mL syringes. Syringes were connected to clamp inlets. These tests were recorded 

with photographs from a digital single lens reflex camera (Canon EOS 7D). 

For mass transfer tests, one syringe was filled with a phosphate buffer solution 

(PBS) while the other was filled with a urea-PBS solution.  The phosphate buffer solution 

(PBS) was produced by dissolving 8.77g NaCl, 0.23g KH2PO4 and 1.82g 

K2HPO4·3H2O in 950 mL of deionized water.  After dissolving these components, the 

pH was adjusted with 1M NaOH or HCl, up to 1 liter. This was then divided into two 500 

mL samples. One sample was used to simulate the dialysate while the other was made 

into the urea-PBS solution (simulating blood) by dissolving 500 mg of urea into the 

remaining 500 mL sample of PBS providing an initial urea concentration of 100 mg/dL.   

After hooking the syringe pump to the clamp and setting the flow rate to 125 

µL/min, the pump was started yielding a velocity of 1.02 cm/sec through the channels 

and a channel residence time of 3.45 seconds. The system, starting at the entrance of the 

plate to the end of the exit tubing, has a calculated residence time 1.31 minutes. 

Consequently, flow in the dialyser was allowed to reach a steady state over a period of 3 

minutes before samples were collected. Fluid samples (~0.1 mL) were collected in micro-

centrifuge tubes over the course of approximately one minute. A minimum of three 

samples (replicates) were collected from each device setup. The sets of aligned and 

misaligned lamina were loaded and unloaded between each of three runs that each set 
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underwent. These samples were analyzed with the urea assay immediately following 

testing. A diagram of this flow setup can be seen in Figure 21. 
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Figure 21: Diagram of mass transfer setup. 

  

3.3.3 Urea Assay 
Urea concentration of samples was measured using a urea assay. The assay is 

performed by creating a reaction of o-phthalaldehyde and primaquine bisphosphate with 

urea that changes color relative to the concentration. Next, the absorbance is measured 

using a spectrophotometer [45], [46]. Urea assay reagents in this test were prepared based 

on the work of Jung [45] and Zawada [46]. Prior work showed that the urea assay reagent 

degraded when all components were mixed together, so two separate reagent solutions 

were made and mixed directly in a microwell-plate with a sample that was diluted 20x 

with the PBS.  

The o-phthalaldehyde (OPA) reagent was made by mixing 20 mg OPA, 7.4 mL 

H2SO4, and 0.1 mL Brij-35 into 80 mL deionized water. The volume was then brought to 
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100 mL with additional deionized later. A primaquine bisphosphate (PBP) reagent was 

made by mixing 51.3 mg primaquine, 0.5 g boric acid, 22.2 mL H2SO4, and 0.1 mL brij-

35 into 60 mL deionized water. The volume was then brought to 100 mL with additional 

deionized water. These two reagents were then stored in Falcon tubes at 4°C. 

Dialysis samples were diluted by 20X by pipetting 95 μL of PBS and 5 μL of the 

sample into individual wells within a clear, flat-bottom, non-tissue-culture-treated 

polystyrene 96 well-plate.  One well, containing 50 µL of urea-PBS solution at 100 

mg/dL was used as the standard, and one well, containing just PBS, was used as a blank. 

The well-plate was then placed in an incubator at 37°C for 1 hour. Optical density (OD) 

of each well was then measured in triplicate with a Perkin Elmer 1420 Multilabel Counter 

VICTOR3V spectrophotometer at 450 nm under 0.1 seconds per reading. The Zawada 

[46] procedure suggests measuring the yellow-orange color at 430 nm, but this was found 

to not provide a strong enough signal. 

3.3.4 Mass Transfer Calculations 
After samples were collected and their absorbance had been converted into urea 

concentration, mass transfer rate calculations were made. The experimental mass transfer 

rate was calculated by multiplying the volumetric flow rate by the change in 

concentration of either the PBS or the urea-PBS side of the device. This is illustrated in 

Equation 3,  

                        (3) 

 
where Q is the volumetric flow rate and ΔC is the change in concentration over the length 

of the channel.  This experimental mass transfer rate was then used to calculate the mass 

transfer area using equation 2 and the results of Warner-Tuhy. 
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Chapter 4 - Results and Discussion 
 

4.1 Preliminary Registration Results 
Table 3 shows the misalignment in the X direction at each position on the ridge 

(top) lamina. The two replicate measurements reflect the use of the top and bottom of the 

crosshair, respectively. Differences between the replicates were typically caused by 

rotational misalignment between the test article and the video overlay. The table has been 

color coded to signify the relative distance from the alignment ridge each measurement 

was made. Green is below the closest to the alignment features, red is furthest, and 

yellow is in between. 

 

Table 3: Data for misalignment in the X direction of the lamina in [µm]. 

Position 

Average 

[µm] 

Standard 

Deviation [µm] 

1 11.29 7.98 

2 39.57 37.43 

3 17.69 16.59 

4 17.82 12.28 

5 28.99 33.52 

Average 23.1 21.6 

 

Table 4 shows misalignment in the Y direction. Each measurement was 

performed at the same locations as in the previous table but measurements were 

performed on the left and right side of the crosshairs instead of the top and bottom. 
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Table 4: Data for misalignment in the Y direction of the lamina in [µm]. 

 

Average 

[µm] 

Standard 

Deviation [µm] 

1 6.58 6.76 

2 6.36 3.94 

3 24.62 13.94 

4 43.57 22.47 

5 43.45 36.19 

Average 24.9 16.7 

 

The alignment results consistently showed features further from the alignment 

ridges to be less aligned than those closest to the ridge. The variation between samples as 

well as the standard deviation was also higher than desired in all of the samples. In order 

to investigate the source of these errors, the flow diagram in Figure 14 was consulted.  

Two hypotheses were developed from the above observations. The first is that perhaps 

shrinkage due to differential thermal expansion between the lamina during the embossing 

step was causing some of the misregistration. The second hypothesis developed was that 

the original master was degrading over time and affecting the registration. 

 

4.2 Embossing Investigation 
An investigation of the inaccuracies caused by embossing was performed on the 

laminae to confirm the prior hypothesis of shrinkage. The overall trend of this 

investigation showed that the trough lamina was slightly smaller than the ridge lamina. 

The measurements listed in Table 5 are the differences in true position for fiducial 5 

(furtherst from datum origin) of the ridge and trough laminae where true position is the 

Euclidean distance between the datum origin and the fiducial. Results suggest that the 

ridge lamina was always larger than the trough lamina. This cannot be explained by the 

laser machining step as the embossing procedures both used the same PEI master.  

Therefore, the dimensional variation was hypothesized to be attributed to differential 
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shrinkage caused by the difference in the coefficient of thermal expansion of the different 

embossing master materials and the difference in the number of embossing cycles for 

each lamina.  The ridge lamina required one embossing cycle using one master (PEI) 

while the trough lamina required two cycles using a master (PEI) and a sub-master 

(PSO).   

 

Table 5: Coordinate Measuring Machine Results. 

 
True Position Differences [mm] 

Sample A 0.1317 
Sample B 0.1158 
Sample C 0.0277 
Sample D 0.0677 
Sample E 0.0342 
Average 0.0754 
Standard 
Deviation 0.0470 

 

4.3 Final Registration Results 
Degradation of the master also needed to be addressed since it seemed to be 

affecting stability of dimensions, several procedural changes were implemented. A new 

master was developed for each set of laminae to compensate for changes in the 

dimensions of the master over time due to thermal effects. Table 6 and Table 7 together 

show an average one-dimensional misregistration of 11.4 µm; a marked improvement 

over the registration results discussed above. Shrinkage does still appear to be present 

since measurements further from the registration features are consistently larger than 

those next to the features. It is expected that this could be corrected through the use of 

two different masters with one being slightly larger to compensate for the extra shrinkage 

differences between the two laminae. Another solution to differential thermal expansion 

could be to use a metal master so as to not experience these thermal effects. These levels 

of registration were considered suitable based on earlier economic analyses.  
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Table 6: Data for misalignment in the X direction of the lamina. 

Position 
Average 

[µm] 
Standard 

Deviation [µm] 
1 1.86 1.73 
2 22.4 11.1 
3 13 7.9 
4 6.5 5.5 
5 20.7 16.9 

Average 12.9 8.8 
 

Table 7: Data for misalignment in the Y direction of the lamina. 

Position 
Average 

[µm] 
Standard 

Deviation [µm] 
1 2.4 2.66 
2 1.6 1.31 
3 15.4 2.57 
4 18.4 11.57 
5 12.4 10.76 

Average 10.0 5.9 
 

 

To further analyze this data, an ANOVA was performed using the average of the 

top/bottom and left/right measurements. There were two replicates performed on each set 

of laminae, the replicate was performed by unloading and reloading the laminae into the 

clamp between measurements. In the ANOVA, position (factor A) was the measurement 

at the corresponding fiducial, sample (factor B) was the set of laminae that were 

measured and direction (factor C) corresponded with whether the measurement as made 

in the X or Y direction. The ANOVA was performed with sample (factor B) as a random 

factor while all over variables were fixed. Table 8 shows the ANOVA analysis. 
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Table 8: ANOVA analysis of misregistration factors. 

Source 

Sum of 

Squares Df 

Mean 

Square Test Stat F p-value 

MAIN EFFECTS 
      A:Position 2424.7 4 606.17 A/AB 10.5 0.0002 

B:Sample 1693.6 4 423.40 B/Res 94.1 0.0000 
C:Direction 200.1 1 200.08 C/BC 0.5 0.5014 

INTERACTIONS 
      AB 926.8 16 57.92 AB/Res 12.9 0.0000 

AC 3074.2 4 768.54 AC/ABC 4.3 0.0155 
BC 1469.1 4 367.28 BC/Res 81.6 0.0000 

ABC 2886.3 16 180.40 ABC/Res 40.1 0.0000 
RESIDUAL 225.1 50 4.50 

   TOTAL 
(CORRECTED) 12899.8 99 

     

The ANOVA revealed that the fiducial position (factor A) and specific sample 

(factor B) both had a significant impact on the amount of misregistration. It was found 

that the direction of measurement, as expected, was not significant. Estimation of the 

variance components shows that sample to sample variability is greater than positional 

effect. This suggests variability in the fabrication process accounts for more of the 

variance than differences in thermal expansion between laminae. The standard deviation 

of the variance components estimates is 12.59 µm. This standard deviation could be used 

to estimate the variation between samples. These variance components can be seen in 

detail in Table 9. 

 

Table 9: Variance component estimates for misregistration caused by sample variance. 

Component  Estimate [µm] 

B 20.9448 
AB 13.35523 
BC 36.27749 
ABC 87.94797 
Total 158.5255 
Standard Deviation 12.59069 
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It is likely that variation in laser machining and other fabrication steps shown in 

Figure 14 could have created some of the sample-to-sample variation. Regarding the 

increase in variation as a function of distance from the origin, differential shrinkage of 

the polymers was hypothesized to be the cause of some of these variations in the process.  

It is known that some of the factors that affect shrinkage in the embossing of 

microfeatures are demolding time and method, pressure during embossing, rate of 

cooling the sample to room temperature, friction between the master and lamina, thermal 

expansion and features on the lamina [47][48]. To calculate the effect of differential 

thermal expansion, the following equation was used: 

     [(              )  ]   (4) 

where Δl is the change in the dimensions of the part, l0 is the length of the part, α is the 

respective linear coefficient of thermal expansion, and ΔT is the change in temperature 

from embossing to room temperature.  Calculating the change in a 50 mm dimension for 

both PEI (0.39 x 10-5 in/in/°F) to PSO (0.31 x 10-5) and PSO to PC (0.39 x 10-5) and 

summing these together accounts for much less than 1% of the dimensional change.   

4.4 Visual Flow Tests 
Visual tests were performed first to check that the system was setup properly and 

reduce the potential of problems that could be encountered. After leaking was eliminated, 

samples were loaded and tested for alignment and flow. An aligned sample can be seen in 

Figure 22. The measured average one dimensional misalignment in the aligned sample 

was 18.5 µm. 
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Figure 22: Aligned test article with red and green dyed water flowing through the device. 

 

As shown in the aligned sample, some channels only had one color of fluid 

flowing while other channels had both fluids flowing through them (black). Single fluid 

channels were caused by bubbles which blocked the channels. A misaligned sample is 

shown in Figure 23. The measured average one dimensional misalignment in the 

misaligned sample was 209.4 µm compared with a “designed” misalignment of 200 µm 

suggesting overall misalignment of 9.4 µm. This sample shows a uniform and well 

defined flow. The channels all have flow, with the exception of the bottom red channel 

which appears to be blocked by a bubble. It was found that the bubbles can be cleared 

with high flow rates, but this can cause leaking as pressures are increased.  

 
Figure 23: Misaligned test article with red and green dyed water flowing through the 

device. 
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4.5 Mass Transfer Tests 
Using a spectrophotometer, mass transfer samples were analyzed. The data was 

converted from the spectrophotometer using interpolation. The interpolation was done by 

averaging the triplicate measurements of each well and using the following conversion 

from optical density (OD) to urea concentration, where n is the sample dilution factor. 

 

[    ]   
                

                  
   [        ]     ⁄    (5) 

 

A standard curve was created with known concentrations. The urea concentrations 

initially used were 0, 1.25, 2.5, 3.75 and 5 mg/dL. Once it was established that a straight 

line was a good fit, only 0 and 5 mg /dL of urea in PBS were used for the standards. The 

standards are graphed below in Figure 24. This standard curve is straight and has a good 

fit with an R2 value of 0.91. 

 

 
Figure 24: Standard curve for the urea concentration relative to absorbance. 
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For mass transfer testing, one pair of aligned and one pair of misaligned test 

articles were produced and tested. Results are shown in Table 10 and Figure 25. As 

shown, the urea concentration on the phosphate buffer (dialysate) side went up on both 

the aligned and misaligned test setup. The urea concentration in the aligned channel is 

over twice that in the misaligned channel. 

 

Table 10: Interpolated average concentrations from the standard curve 

 

Misaligned 

[mg/dL] 

Aligned 

[mg/dL] 

Warner-Tuhy’s 

Prediction [mg/dL] 

Phosphate Buffer 

Side 16.9 36.5 27.5 

Urea Side 82.4 73.7 72.5 

Total 99.3 110.2 100 

 

 

 
Figure 25: Interpolated urea concentrations from the standard curve. 
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Comparing results from the aligned device to Warner-Tuhy’s simulation, with a 

predicted final urea concentration of 72.5 mg/dL,to the final urea concentration of the 

aligned device is within 2% of expected results on the urea side which is in excellent 

agreement. When looking at the phosphate buffer side, there is a 9% improvement over 

Warner-Tuhy. This could be explained by the extra header contact area due to the use of 

sealing bosses. Removing the extra header contact area in this study puts the final urea 

concentration at 30 mg/dL which is within 5% of Warner-Tuhy’s simulation as shown 

below in Figure 26. Overall this confirms that the registration in the device is excellent.  

 

 
Figure 26: Warner-Tuhy’s simulated urea concentration along the length of the 

channel.[12] 

 

An estimate for the best membrane utilization capable in this device is 44.9% 

based on the apparent mass transfer area of the membrane when perfectly aligned and the 

overall size of the membrane needed to assemble the test article (i.e. a membrane size just 

over the dimensions of the sealing bosses). This compares favorably with the design of 
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Warner-Tuhy which had longer channels and membrane utilization approaching  only 

14%. One factor affecting membrane utilization in Warner-Tuhy’s study was the use of a 

larger membrane in order to minimize leakage around compression seals that did not use 

sealing bosses.  

Mass transfer rates for the Warner-Tuhy device were calculated to be 0.065 

mg/min based on membrane area within the channel section of the device and 

experimental results.  In comparison, a mass transfer rate of 0.033 - 0.046 mg/min was 

calculated for the test articles produced in this study by multiplying the dialysate flow 

rate and average change in urea concentration from the urea PBS side and the PBS side, 

respectively. This method of calculating mass transfer rate included the headers whereas 

the method used to calculate Warner-Tuhy’s mass transfer rate did not. The smaller mass 

transfer rate is due to the shorter channel array used in the present device. A total mass 

transfer area, A, of 0.641 - 0.959 cm2 was calculated using Equation 6: 

 

           (
                                                   

  (
                       
                       

)
)  (6) 

 

where k[cm/min] is the mass transfer coefficient, and C is the concentration of urea 

[mg/dL]. The mass transfer coefficient used here was calculated by Warner-Tuhy was 

between 0.70-0.75 [cm/min] under the experimental conditions of 1.0 cm/sec[12]. This 

finding implies a membrane utilization of 26.1% to 39.0%.  This membrane utilization is 

within 3 to 15% (5.8% to 37% error) of the estimated membrane utilization of 41.4% for 

the fabricated device given a measured misalignment of 18.5µm.  A comparison of these 

results can be seen below in Table 11 and Table 12. The higher estimated 

misregistrations in Table 12 are most likely due to error in the urea assay measurements. 
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Table 11: Calculated mass transfer area based on a mass transfer rate of 0.046 mg/min. 

 

Mass 
Transfer 

Area [cm2] Utilization 

Estimated 
Misregistration 

[µm] 
ko=0.075 cm/min 0.895 36.4% 45.788 
ko=0.070 cm/min 0.959 39.0% 31.743 

Perfect Registration 1.103 44.9% 0 
Measured 18.5 µm 

misregistration 1.016 41.4% 18.5 

 

 

Table 12: Calculated mass transfer area based on a mass transfer rate of 0.033 mg/min. 

 

Mass 
Transfer 

Area [cm2] Utilization 

Estimated 
Misregistration 

[µm] 
ko=0.075 cm/min 0.641 26.1% 101.509 
ko=0.070 cm/min 0.687 28.0% 91.444 

Perfect Registration 1.103 44.9% 0 
Measured 18.5 µm 

misregistration 1.016 41.37% 18.5 

 

Finally, these results show that while mass transfer is not completely halted when 

channels are completely misaligned, mass transfer is significantly reduced. Some of the 

mass transfer that did occur in the misaligned test articles could have occurred in the 

headers since they were exposed to the membrane. The device has an area of 110 mm2 of 

mass transfer area in the aligned device.  The headers account for 17% of the area in the 

device. If mass transfer occurred at an equal rate in the header as it did in the channels, 

then 6.2 mg/dL (36.5%) of the final urea concentration could be accounted for because of 

the headers. With the header mass transfer removed, a final urea concentration of 10.7 

mg/dL was transferred in the misaligned device. Some of this can be explained by the 

fact that mass transfer rates would not have been linear but rather much higher due to the 

larger concentration gradients across the device. Also, it is doubtful that no mass transfer 

occurred in the misaligned array since the edges of the channels and ribs were most likely 

not perfectly square or exact in size. 
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The concentration of urea does not add up to 100 mg/dL showing a lack of mass 

balance. The relative standard deviation (RSD) of the assay measurements was calculated 

to be 3.3% to 14.8% using: 

 

          
                                               

                                    
      (7) 

 

Such a high relative standard deviation in the measurements can account for some 

of the error in the mass balance. Regardless, the experiment shows that registration 

significantly affects the mass transfer of the device. 

4.6 MCHD Design Implications and Future Research 
In future production level designs, attention to utilization of membrane in the 

design will be critical since registration can have a large impact still but could be 

overshadowed by a poor design. Leaving less dead space around the edges, smaller ribs 

and larger channels all can contribute to a better utilization of membrane. There is mass 

transfer occurring within the header but it is at a different rate that that of the channels 

and this causes some difficulty in performing calculations of exposed membrane area. 

Since exposed membrane area directly affects efficiency of the device, it makes this 

calculation a bit more complex. An idea for a device can be seen in Figure 27. This 

design has minimized the area around the edges and left space at the ends for layer 

headers. This design has 162 channels of 400 microns wide and a 100 micron ribs. The 

length and width are limited to 6 inches by the fabrication equipment within our lab. 

There are sealing bosses in triplicate around the edge of the channels that are 15 microns 

in height. There are also registration features along the side of the channels and one end 

of the device. This design could be optimized more with different fabrication equipment. 
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Figure 27: Production size dialyser device containing 162 channels with a width of 80.9 

mm without layer headers. 

 

Using the dimensions of this device, the area of exposed membrane within the 

channels can be calculated. The area of exposed membrane throughout the device can 

also be calculated. Some simple cost analysis on this device while including headers in 

the exposed membrane area is done in Table 13 to illustrate how much of an impact 

design and misregistration can have on the cost of the device. To determine the final cost, 

the number of membranes was rounded up and multiplied by the area of the layer and the 

membrane cost. 

 Based on results above, an estimate of the membrane utilization attainable 

within a production device is shown in Table 13.  One assumption used to develop this 

table is that mass transfer occurs within the headers. Results in Table 10 suggest that this 

is a reasonable assumption. Further, in this thesis, an average one-dimensional 

misregistration of 11.4 µm was attained over a 50 mm scale.  The device shown in Figure 

27 requires one-dimensional registration over 80.9 mm.  If a self-registration feature is 
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added in the middle of the array, the device scale is divided in half (40.5 mm) suggesting 

an attainable one-dimensional misregistration of 9.2 µm.  With these two assumptions, 

membrane utilization well over 70% can be attained.   

 

Table 13: Membrane utilization in a production-level device using both the header and 

channels to calculate membrane mass transfer area. 

 

Perfect 

Alignment 

Mis-Registered 

by 9.2 µm 

Membrane Utilization per lamina[cm2] 62.28 61.31 

Area of Layer [cm2] 77.42 77.42 

Percent Membrane Utilization 80.4% 79.1% 

# of Membranes Required 4.64 4.71 

Cost $6.97 $6.97 

  

The above analysis suggests that there is little difference between the membrane 

utilization at current misregistration tolerances.  The reason for this is twofold.  First, as 

the channel width to rib width ratio increases, the array becomes more insensitive to 

misregistration. This can be seen in Table 14. The effect of misregistration is minimized 

as the channel-width-to-rib-width ratio increases.  Future studies should evaluate what 

channel-width-to-rib-width ratios are possible for the AN69 membrane.   

 

Table 14: The effect of different rib width and channel width combinations on membrane 
utilization within microchannel arrays. 

 

Rib 
Width 

0 µm 
misalignment 

10 µm 
misalignment 

20 µm 
misalignment 

100 µm 
wide 

channel 

50 66.7% 60.0% 53.3% 
100 50.0% 45.0% 40.0% 
200 33.3% 30.0% 26.7% 

200 µm 
wide 

channel 

50 80.0% 76.0% 72.0% 
100 66.7% 63.3% 60.0% 
200 50.0% 47.5% 45.0% 

300 µm 50 85.7% 82.9% 80.0% 
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wide 
channel 

100 75.0% 72.5% 70.0% 
200 60.0% 58.0% 56.0% 

400 µm 
wide 

channel 

50 88.9% 86.7% 84.4% 
100 80.0% 78.0% 76.0% 
200 66.7% 65.0% 63.3% 

 

One final way that membrane utilization can be increased is through the use of 

larger laminae which lead to larger channel headers to distribute fluid across the array.  In 

this study, membrane utilization in these header regions was assumed to be 100%.  This 

must be contrasted with the reality that large membrane spans likely would cause 

collapse of the membrane.  Therefore, while this analysis assumed 100% membrane 

utilization in the channel header, this is not likely attainable.   

The implication of these findings are that under certain conditions (higher 

channel-width-to-rib-width ratio and wider laminae with larger channel headers), MCHD 

designs are more insensitive to misregistration.  This impacts the dimensional tolerances 

of upstream fabrication processes which could further reduce costs. 

Should misregistration tolerances beyond those achieved in this thesis be 

required, an alternate patterning method needs to be investigated due to the differences 

between the pieces. This could be as simple as changing the size of one master to 

compensate for the shrinkage. Another approach could be to produce a positive and 

negative master and follow the same embossing process for each so that shrinkage is 

identical.  Also alignment features of different shapes and sizes could be tried in order to 

utilize space better or increase alignment accuracy. Currently the ridges take up a lot of 

space on the laminae and need a long continuous section of lamina to be used. They 

could be just as effective with points similar to that of pins. They could also be smaller 

ridges in order to create a more efficient use of space. 
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Chapter 5 - Conclusions 
In this paper, a self-registration method was developed to align polycarbonate 

laminae for membrane separation applications compatible with hot embossing and 

compression sealing schemes.  Alignment measurements showed consistent registration 

below 25 µm over a 50 mm scale.  Final urea concentrations in the device were found to 

be within 2 to 9% of that predicted using mass transfer coefficients from prior work. This 

demonstrates that the self-alignment method is as effective as pin alignment methods 

used in prior work.  Using sensitivity analysis, designs with higher channel-width-to-rib-

width ratios and wider laminae with larger channel headers were found to minimize the 

effect of misregistration.  It is expected that improvements in the fabrication process 

could help reduce sample-to-sample variability in registration.  
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