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Abstract 

This research presents the design and development of a magnetically actuated nozzle/diffuser micropump 

for use in the treatment of glaucoma. The micropump is composed of a cast poly(dimethylsiloxane) 

(PDMS) body containing all fluidic features, a spin coated PDMS membrane for sealing the fluidic 

features, and commercial silicone tubing for an inlet and an outlet. All components of the micropump are 

sealed together using only PDMS. The micropump has a final thickness of approximately 1mm due to a 

novel in-plane inlet and outlet tube attachment method, is flexible due to an all PDMS construction, easily 

fabricated due to a simple fabrication procedure, and is made of materials which show evidence of good 

biocompatibility. The pump is wirelessly actuated using a solenoid actuator and a small magnetic or 

ferromagnetic object placed on the surface of the PDMS membrane. The geometry of the solenoid has 

been optimized to produce the greatest magnetic field strength. Research work also involved the 

characterization of the thickness and Young’s Modulus of PDMS and iron-PDMS composite membranes. 

Various pumps were fabricated and tested. For the most successful design, a peak flow rate of 

135.0µL/min and a maximum back pressure of 25mmH2O were obtained using an actuation frequency of 

12Hz, duty cycle of 25%, and a 4-40 low strength steel nut for membrane actuation. Results show that 

increasing the membrane thickness, using the most strongly attracted membrane actuator, and using a 

50% actuation duty cycle increases micropump performance. The results also suggest that using a 

magnetic material as opposed to a ferromagnetic material would allow for the membrane actuator to be 

reduced in size. The peak flow rate of the micropump is significantly greater than the rate of aqueous 

humor production (2.8 ± 0.8µL/min), meaning that the performance of the micropump is sufficient for the 

intended application. 
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Chapter 1 

Introduction 

 Nozzle/Diffuser Micropumps 1.1

1.1.1 Introduction 

Microelectromechanical systems (MEMS) – based micropumps have been extensively studied 

since the mid-1970’s [1]. A multitude of methods are employed to generate small volume flow. 

They can be divided into two classes: reciprocating flow and continuous flow micropumps. Due 

to the varying methods of pumping, continuous flow micropump performance tends to be 

strongly dependent on the fluid properties [1]. This leads to limitations in the use of some 

continuous flow micropump designs. Reciprocating flow pumps rely on flow rectification 

structures to produce net flow. Check valve reciprocating micropumps have been developed [2], 

but issues arise due to wear, fatigue of moving parts, and high pressure drops across valve 

structures [3]. Stemme and Stemme proposed a solution to this problem by introducing a 

micropump where flow rectification occurs due to differential pressure drop across a 

nozzle/diffuser [3]. 

1.1.2 Nozzle/diffuser Theory 

Nozzle/diffusers are fluidic structures that act either as a diffuser or a nozzle depending on the 

direction of fluid flow. Nozzle/diffusers in micropumps are generally designed such that the 

pressure drop across the diffuser is lower than the pressure drop across the nozzle for the same 

flow velocity [3]. This creates a lower flow restriction in the direction of the diffuser, resulting in 

net fluid flow in one direction (see Figure 1). 
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Figure 1: Diagram of a nozzle/diffuser micropump during pumping. The size and direction 

of the black arrows indicates the volume and direction of fluid movement. 

Under certain assumptions, the flow-directing efficiency (𝜂) of a nozzle/diffuser micropump can 

be estimated using minor pressure loss theory [3]–[7]. It is assumed that both the nozzle and 

diffuser have the same geometry, that the velocity of the working fluid is constant across the 

cross-section, that the pressure loss coefficients do not change during the pumping cycle, that the 

pressure of the inlet and outlet are negligible when compared to the pressure of the pumping 

chamber, and that pressure loss due to friction is negligible. 

From minor pressure loss theory, the pressure drop through an element can be written as 

	 ∆𝑃 =
1
2
𝐾𝜌𝑢!	 (1-1)	

where 𝐾 is the loss coefficient, 𝜌 is the fluid density, and 𝑢 is the mean flow velocity. For a 

nozzle/diffuser, the total pressure loss is the sum of the pressure losses across the entrance, the 

convergence/divergence, and the exit, and is written as 

	 ∆𝑃!"#$% = ∆𝑃!"#$% + ∆𝑃!"#$%&'%#(%/!"#$%&!"#! + ∆𝑃!"#$%#	 (1-2)	

Since the pressure loss in each element depends on the mean flow velocity at that element, a 

normalized pressure loss coefficient 𝜉 is used instead of 𝐾 to express the pressure loss with 

respect to the mean flow velocity at the throat. 
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For a diffuser (see Figure 2a), the normalized loss coefficient is the sum of the normalized loss 

coefficients at the inlet, divergence, and outlet, and is 

	
𝜉! = 𝜉!,! + 𝜉!,!"# + 𝜉!,! = 𝐾!,! + 𝐾!,!"# + 𝐾!,!

𝑊!

𝑊!

!
	 (1-3)	

Where 𝑊! represents the width of the narrow end and 𝑊! represent the width of the wide end of 

the nozzle/diffuser For a nozzle (see Figure 2b), the normalized loss coefficient is the sum of the 

of the normalized loss coefficients at the inlet, convergence, and outlet, and is  

	
𝜉! = 𝜉!,! + 𝜉!,!"# + 𝜉!,! = (𝐾!,! + 𝐾!,!"#$)

𝑊!

𝑊!

!
+ 𝐾!,!	 (1-4)	

   

	 	

a)	 b)	

Figure 2: Pressure loss coefficients across a diffuser (a) and a nozzle (b). 

The flow-directing efficiency (𝜂) can be written in terms of the normalized loss coefficients 

	 𝜂 =
𝜉!
𝜉!
	 (1-5)	

and the net flux (𝑉!) of the pump can then be written as [3]  

	
𝑉! = 2𝑉!

𝜂
!
! − 1

𝜂
!
! + 1

	 (1-6)	

where 𝑉! is the volume variation caused by the membrane deflection (stroke volume) [7]. This 

equation shows that the performance of a nozzle/diffuser micropump is directly related to 𝑉! and 

𝜂. It also shows that 𝜂 > 1 is required for net flow to occur in the direction of the diffuser. 
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For ideal performance, 𝜉! should be maximized and 𝜉! should be minimized. To do this, the 

entrance should be rounded in the direction of the diffuser (𝐾 = 0.05) and sharp in the direction 

of the nozzle (𝐾 = 0.5) [6]. The exit geometry in either direction is not important because the 

loss at the exit is independent of the geometry (𝐾 = 1.0) [4]. Due to reciprocating flow, the 

divergence and convergence have the same geometry. Typically, the pressure loss in the 

divergence is minimized. The divergence should have a small angle (≈ 10°) to minimize the 

pressure loss across it. This creates a convergence with a small angle too, resulting in a low 

pressure loss across it as well (𝐾 ≈ 0 assuming that the cross sectional area of the nozzle/diffuser 

narrow end is equal to the cross sectional area of the wide end and that the length of the 

nozzle/diffuser element is significantly larger than the width of the nozzle/diffuser narrow end) 

[5]. 

1.1.3 Membrane and Actuation Method 

An oscillating membrane causes fluid flow in a nozzle/diffuser micropump. The methods of 

actuation can be grouped into two methods, wired and wireless actuation methods. Direct 

connections are needed for wired mechanisms to supply power for actuation, making them 

inappropriate for biomedical applications. The power for actuation by wireless methods comes 

from the actuator acting on the membrane through magnetic forces; no physical connection to the 

pump is needed. A greater flexibility in applications exists for wirelessly actuated pumps. 

Biomedical applications are a prime example where wirelessly actuated pumps are more 

appropriate due to their simplicity and the power source being separate from the pump. 

Membranes made from low Young’s Modulus materials are ideal due their ability to large 

deformations, leading to large stroke volumes [8]. Silicone based polymers such as 

poly(dimethylsiloxane) (PDMS) are ideal for this due to controllable material properties. For 

magnetically actuated nozzle/diffuser micropumps, ferromagnetic or magnetic material can be 
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mixed with PDMS producing a magnetically reactive composite membranes [5] with low 

Young’s Moduli [9]. A solenoid or a permanent magnet actuator can then be used for actuation.  

 Glaucoma 1.2

1.2.1 Introduction 

The leading cause of irreversible blindness, and the second leading cause of preventable blindness 

in the world is glaucoma [10], [11]. Glaucoma is a chronic condition, where over time, optic 

neuropathy occurs. All forms of the disorder are potentially progressive, and may lead to 

complete vision loss [12]. The damage to the optic nerve causes a gradual loss in visual acuity 

and the ability to distinguish contrast, eventually leading to total vision loss. Damage begins at 

the head of the optic nerve with retinal ganglion cell axons and dendrites changing cellular 

structure. Since their function and ability to thrive are dependent on their structure, the ganglion 

cells undergo apoptotic cell death. Once loss occurs, there is no cure or treatment solution; 

damage is permanent and cannot be reversed. Vision loss begins at the peripheral, slowly 

advancing until total vision loss occurs (See Figure 3).  

	 	

a)	 b)	

Figure 3: a) Normal vision. b) Simulated vision indicating advance signs of glaucoma. Taken 

with permission from [13]. 

Glaucoma has a multi-factorial etiology; there is no one reason for the condition occurring [12]. 

The main and most common symptom of glaucoma is an increase in intraocular pressure (IOP) 
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due to a buildup of aqueous humor in the anterior chamber of the eye. Increased IOP is not 

indicative of a person having glaucoma; it is simply an increased statistical chance that vision loss 

due to optic nerve death may occur. As such, diagnosing and treating glaucoma would be difficult 

to do for clinicians unless they focused on the symptoms. IOP in humans follows a Gaussian 

distribution, which is slightly rightward skewing. As such, glaucoma is generally diagnosed when 

the IOP is either chronically or periodically greater than the 97.5th percentile, translating to 

approximately 21mmHg [12]. Statistics show that in 2010, 60.5 million people were affected by 

glaucoma. Of these people, 8.4 million people were bilaterally blind. This is expected to rise to 

79.6 million people being affected, with 11.2 million people bilaterally blind by 2020 [10]. 

1.2.2 Current Treatment Methods 

Treatments for glaucoma do not focus on curing the condition, but instead focus on treating the 

symptoms. Decreasing the IOP in patients suffering from glaucoma is the only clinically proven 

method of treating all types of glaucoma [12]. Several methods are used to treat glaucoma and 

they including medication [14], surgery [15], [16], and implantable shunt devices [17]. 

Medication is typically the first course of treatment for glaucoma. Common medications used in 

the treatment of glaucoma work in one of two methods; lowering the amount of aqueous humor 

being secreted or increasing the amount of outflow. Eye drops are the most common method of 

delivering medication to the eye. Unfortunately, medications administered with eye drops 

sometimes have systemic and negative side effects such as hypotension, dizziness, fatigue, 

nausea, vomiting, and more [14]. New delivery methods (drug implants) are being developed to 

address these problems and do show promise [18]. 

Surgical intervention occurs when medication does not provide enough of an impact. The most 

common surgical procedures are the trabeculectomy and laser iridotomy. A trabeculectomy 

increases the rate of aqueous humor drainage by removing a section of sclera, Sclemm’s canal, 

and trabecular meshwork. Aqueous humor is able to drain directly from the anterior chamber into 
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a bleb, where diffusion into the episcleral veins can occur. As a result, the resistance to flow out 

of the anterior chamber is decreased [15]. Complications due to the procedure are possible. A 

decrease in IOP can be temporary if incisions in the trabecular network become blocked with 

fibrotic tissue. A loss in vision acuity is also observed in a large portion of patients that is 

attributed to changes in the structure of the eye after surgery [15]. The amount of IOP decrease is 

difficult to control as well, since it is related to the size of the incision during surgery. A laser 

iridotomy widens the angle of the eye and exposes the trabecular meshwork by vaporizing a 

portion of the edge of the iris with a laser. This results in restoration of aqueous humor outflow 

and a decrease in IOP. Over the long term, the opening created by the procedure can heal and 

seal, necessitating the need for a second iridotomy. As well, laser pulses need to be short enough 

that vaporization of the iris occurs, but heating of other structures, due to convection, does not 

occur [16], [19]. 

Implantable shunt devices are used when medication and previous surgical intervention have 

failed, or for glaucoma cases where a good response to surgical intervention is not expected [20]. 

These devices create a secondary pathway for aqueous humor to flow out of the anterior chamber 

of the eye, resulting in a decrease in IOP. Currently used shunt devices include the Molteno3 

implant, the Baerveldt glaucoma implant, the Ahmed glaucoma valve, and others. These are all 

passive devices that allow higher-pressure fluid in the anterior chamber to flow to a lower 

pressure chamber surgically created beneath the episcleral layer of the eye. Once implanted, the 

shunt devices cannot be controlled or modified without additional surgery. Tubes can eventually 

become blocked due to fibrotic ingrowth [21] and the valves can experience failure [22]. 

1.2.3 Research Goal 

An interesting and unexplored concept for treating glaucoma is the active and passive control of 

intraocular pressure with a nozzle/diffuser reciprocating micropump. In this type of pump, the 

nozzle/diffuser acts as a rectification structure and produces net flow. The pump presents several 
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benefits. The pump can be magnetically actuated, preventing the need for wired connections. The 

pump can act as a shunt when it is not actuated because it has no valves. The nozzle/diffusers do 

not rely on moving parts and are therefore are not prone to failure from wear or fatigue [3]. They 

also enable pumping for a multitude of fluids [3], [23] and with particulates present in the fluid 

[9]. However, most nozzle/diffuser micropump designs [3], [5], [9], [24] are not suitable for 

implantation because of their geometry or the materials they are made with. 

The goal of this research is to lay the groundwork for the development of an electromagnetically 

actuated nozzle/diffuser micropump for use in the treatment of glaucoma. The micropump would 

need to be compact, flexible, easily fabricated, and made with materials that show evidence of 

good biocompatibility.  

The concept is that the micropump would be implanted in a patient’s eye using a similar method 

and located in a similar position as a passive shunt device. The inlet tube of the micropump would 

be inserted into the anterior chamber of the eye and the outlet tube would be fixed beneath the 

episcleral layer of the eye. Actuating the micropump with an electromagnetic actuator pressed 

against the side of the patient’s head would pump aqueous humor from the anterior chamber to a 

bleb produced by the outlet tube. There, fluid would be able to diffuse into the vascular system 

through the episcleral veins. The frequency and length of pump actuation would depend on the 

severity of the patient’s glaucoma. On average, people with healthy eyes (no signs of glaucoma) 

and aged 60+ produce aqueous humor at a rate of 2.8 ± 0.8µL/min [25]. Producing a pump with a 

flow rate similar to this rate would be sufficient for this application.  

 Preliminary Work 1.3

Previous work on this topic has been done by C. Allan and H. Sukardi [26], [27]. They worked on 

the design and fabrication procedure for a nozzle/diffuser micropump for use in the treatment of 

glaucoma. 
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1.3.1 Pump Fabrication 

C. Allan and H. Sukardi designed a nozzle/diffuser micropump that was manufactured using a 

casting based process. The heights of the features were 80µm. The geometry of the pump is 

shown in Figure 4. 

 

Figure 4: Geometry of the preliminary nozzle/diffuser micropump [26]. All units shown are 

in mm. 

Using the geometry, the pump was produced with the following procedure.  

1. The geometry of a nozzle/diffuser pump was developed (Figure 4) and the negative was 

milled into a piece of brass. Brass was chosen due to the machinability and strength of 

the material, as well as low stiction between the brass and polymer used to produce the 

pump.  

2. PDMS (Sylgard 184) was then prepared at a 3:1 base to curing agent ratio, poured into 

the mold, and cured to completion at 100°C for 1 hour on a hot plate.  

3. The base of the pump was removed from the mold using tweezers, and inlet and outlets 

holes for tubing were creating using a hole punch.  

4. A membrane was created by dropping 25:1 base to curing agent ratio PDMS onto a petri 

dish, spin coating at 500rpm for 30sec, followed by 1000rpm for 60sec, and finally 

curing in an oven. 
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5. The membrane and pump base were cleaned with acetone, followed by isopropyl alcohol, 

and finally with distilled water, followed by dehydration of the PDMS on at hotplate set 

at 100°C.  

6. Both the membrane and pump base were surface treated with oxygen plasma for 1min. 

Ethanol was dropped onto the membrane, and the case was laid on top with a heavy 

weight pressing down. Heating the membrane and pump base on a hotplate for 15min at 

100°C created a permanent bond between the membrane and base. 

7. Remaining uncured PDMS was mixed with iron powder and a drop was placed on the 

membrane in the center of the pump. The additional PDMS was cured to completion. 

8. Tubes were inserted into the inlet and outlet hole punched earlier in the base. 

1.3.2 Performance Testing 

The performance of valveless nozzle/diffuser micropumps is traditionally determined by 

analyzing the flow rate and back pressure capabilities [3], [23], [28]. An inverse linear 

relationship is expected between the back pressure and flow rate of the pump. 

An experiment was conducted to determine the peak back pressure of the pump. The inlet and 

outlet tubes were situated vertically. In this orientation it was expected that a pressure gradient 

would be created by the pump, causing the height of the column of water in the outlet tube to rise 

above the column height in the inlet tube. The height difference between the two columns of 

water would allow the pump back pressure to be calculated according to 

	 ∆𝑃!"#$ !"#$$%"# = 𝜌!"#$%𝑔ℎ	 (1-7)	

where 𝜌!"#$% is the density of the working fluid, ℎ is the height difference between the inlet and 

outlet column, and 𝑔 is the gravitation constant. 

A magnet attached to a servomotor actuated the membrane. As the motor rotated, a magnet 

attached radially to the spindle was periodically brought close to the membrane, attracting the 

iron embedded in the PDMS and pulling fluid into the pump. When the magnet retreated, the 
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membrane was allowed to relax, expelling water from the pump. This is known as pump 

actuation.  

1.3.3 Results 

Results showed that a fluid height difference was observable due to pumping between the two 

columns. The difference could not be accurately measured due to fluctuations in the column 

heights from the periodic movement of the membrane and because of the height difference was 

small. It was decided that even though measurements could not be made, producing a working 

nozzle/diffuser micropump following this type of manufacturing procedure was possible. 
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Chapter 2 

Membrane Design and Characterization 

 Introduction and PDMS Preparation Procedure 2.1

The preliminary work of C. Allan and H. Sukardi was continued by beginning with the design 

and characterization of the membranes that were used for fabrication of the nozzle/diffuser 

micropump. 

2.1.1 General PDMS Preparation Procedure 

Due to its material properties, PDMS was used for prototyping and manufacturing the membranes 

and micropumps discussed in this research. Sylgard 184 Silicone Elastomer Kit was used to 

produce all PDMS components. The elastomer kit is comprised of two liquid components, base 

and curing agent, which are mixed together and cured in an oven. Curing increases the rate of 

catalytic hydrosilation, resulting in crosslinking of siloxane oligomers. PDMS is a viscoelastic 

material. The material properties are related to the degree of crosslinking, determined by the mass 

ratio of the base agent and curing agent when mixed. This process produces no waste products. 

PDMS for general use was produced with the following procedure: 

Step one: The mass of base agent and curing agent were measured and mixed together. 

Henceforth, the base and curing agent mixture is referred to as pre-cured PDMS.  

Step two: The pre-cured PDMS was degassed in a vacuum chamber for 45min to remove all air 

bubbles.  

Step three: The pre-cured PDMS was poured (into a mold or as a membrane) and cured in an 

oven for 15min at 65°C.  
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2.1.2 PDMS Membrane Preparation Procedure 

To pour PDMS as a membrane (general PDMS preparation procedure, step 3), 5g of pre-cured 

PDMS was poured onto a 100mm Petri dish and spin coated following a two-step procedure: 

Step one, Spreading Step: 15sec at 500rpm in order to cover the Petri dish with PDMS.  

Step two, Thinning Step: 45sec at varying spin speeds. 

After the thinning step, curing of the membrane proceeded as normal. 

2.1.3 Iron/PDMS Composite Membrane Preparation Procedure 

Membranes used for actuation needed to have a low Young’s Modulus and still be attracted to an 

electromagnet. For this purpose, an iron/PDMS (Fe/PDMS) composite material was developed. 

This material consisted of iron particulates equally distributed throughout a PDMS matrix. The 

material was prepared with the following procedure: 

Step one: After mixing the base agent and curing agent together (general PDMS preparation 

procedure, step 1), iron powder was weighed and mixed into the pre-cured PDMS. The amount of 

iron added to pre-cured PDMS is represented by the mass percentage (wt%), and is calculated as 

 𝑚!"#$

𝑚!"#$ +𝑚!"#$ !"#$% +𝑚!"#$%& !"#$%
×100% (2-1) 

where 𝑚 represents the mass of the individual components.  

Step two: The composite mixture was degassed for 30min under vacuum. It was then removed, 

mixed again to suspend particles, and degassed under vacuum for an additional 15min.  

Step three: The composite mixture was poured as a membrane following the previously discussed 

PDMS membrane preparation procedure. 

Varying the mass percentage of iron in the Fe/PDMS composite membrane results in material 

property changes. Changes in Young’s Modulus and force of attraction between the membrane 

and the magnetic actuator will be explored. Both these properties affect the degree of membrane 

deformation, directly relating to the micropump performance (Equation 1-6). The force of 



 

14 

 

attraction is dependent on the strength of the magnetic actuator and will be discussed in Section 

3.3.  

 Determining Membrane Thickness  2.2

2.2.1 Membrane Thickness Measurement Method 

The relationship between membrane thickness and thinning spin speed needed to be determined 

so that membrane thickness could be controlled during pump fabrication. Membranes were 

produced using a base and curing agent mass ratio of 10:1. Two types of membranes were 

produced, single layer and double layer. Single layer membranes were produced following the 

procedure previously mentioned Section 2.1.1 and Section 2.1.2. Double layer membranes were 

produced following the same procedure but repeated twice; PDMS would be spin coated onto a 

Petri dish and cured, then a second layer of PDMS would be poured on the same Petri dish, spin 

coated at the same thinning spin speed, and cured again. Single layer membranes were tested for 

material property purposes, while double layer membrane thicknesses were determined for use 

during later micropump fabrication.  

A simple method of measuring membrane thickness was developed. Once the membranes were 

cured, a cutting guide and surgical scalpel were used to cut five strips 55mm long and 6.5mm 

wide from each Petri dish. A membrane strips would then be sandwiched between two pieces of 

poly(methyl methacrylate) (PMMA) of known thickness, ensuring that no air bubbles or dust was 

trapped between the PDMS and PMMA pieces. The PMMA – PDMS – PMMA sandwich was 

placed in between caliper tips and compressed. Pressure was relieved and time was given to allow 

the PDMS to relax back to its original thickness. The thickness of the PMMA – PDMS – PMMA 

sandwich was measured, and the PDMS thickness was determined. The calipers had a 

measurement resolution of 10µm ± 5µm. The thicknesses of five membrane strips were measured 

for each thinning step spin speed. Ten different membrane thicknesses were tested 
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2.2.2 Membrane Thickness Results 

An inversely proportional relationship exists between the membrane thickness and thinning spin 

speed. When spin casting at low thinning spin speeds (<500rpm), the thickness of a double layer 

membrane was approximately twice that of a single layer membrane. As the thinning spin speed 

was increased the proportional difference between the two membranes (𝐿!/𝐿! in Table 1) 

increased. It is uncertain this occurs, but it is thought that it is related to the difference in polymer 

– surface interaction Petri dish – PDMS and PDMS – PDMS. Examples of similar behavior are 

found in previously published literature [29].  

 

Figure 5: The thicknesses of PDMS membranes as a result of changing thinning spin speeds. 

Table 1: Comparison between the thickness of single layer membranes and double layer 

membranes. 

 

ω	(RPM) Single	Layer,	L 1 	(µm) Double	Layer,	L 2 	(µm) L 2 /L 1

500 124 252 2.03
750 86 180 2.09
1000 60 147 2.45
1500 32 106 3.31
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It was decided that for Young’s Modulus testing, membranes spin coated with a thinning spin 

speed of 1000rpm would be used. Membranes of this thickness were easy to handle, robust, and 

had the potential for a large degree of deformation. Thinner membranes were found to tear easily.  

 Determining Membrane Young’s Modulus 2.3

2.3.1 Experimental Setup Young’s Modulus Testing for PDMS Membranes 

Membranes for determining the Young’s Modulus at varying base to curing agent ratios were 

produced following the procedure previously mentioned in Section 2.1.1 and Section 2.1.2. A 

thinning spin speed of 1000rpm was used. A cutting guide and surgical scalpel were used to cut 

five strips 55mm long and 6.5mm wide from each Petri dish. The membrane strips were found to 

be too fragile to place in the grips of the tension testing machine. Instead, ends of the membrane 

strips were sandwiched between two 27mm x 25.4mm x 1.6mm PMMA pieces and then loaded 

into the grips of the tension testing machine. Tensile testing was performed using a TA.XTplus 

Texture Analyzer. Separation of the grips occurred at a rate of 0.25mm/s until sample breakage 

was observed. The force and grip travel distance were recorded at a data capture rate of 200Hz. A 

gauge length of 5mm was intended but impossible to obtain due to stretching and sagging of the 

membrane when loaded in the grips of the testing machine. The gauge length was determined by 

isolating the region of elastic elongation and interpolating back to the point where the force was 

equal to 0N.  

2.3.2 Results of PDMS Membrane Young’s Modulus Testing 

The Young’s Moduli of PDMS membranes was determined by averaging the slope of the 

engineering stress – engineering strain linear elastic region from five trials. Linear elastic 

elongation without grip slippage was observed for all trials. All membranes were measured to 

have equal thicknesses (60µm). The Young’s Moduli were found to decrease as the base to curing 

agent ratio increased. The Young’s Moduli were confirmed to be low for all base to curing agent 
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ratios tested, showing that PDMS is ideal for use as a base material in the membrane of the 

pumping chamber.  

Table 2: Relationship between the Young’s Modulus and PDMS membrane base to curing 

agent ratio. 

  

2.3.3 Experimental Setup for Determining the Young’s Modulus of Fe/PDMS Membranes 

Fe/PDMS composite membranes were produced following the procedure previously discussed in 

Section 2.1.3. Membranes were produced with a 10:1 base to curing agent ratio and a thinning 

spin speed of 1000rpm. Two different types of iron powder were used; a generic iron 99.5%Fe, 

0.5%Mn <150µm particle size powder (large particle powder) and 99.9+%Fe spherical <10µm 

particle size powder (small particle powder). The Young’s Modulus of membranes with different 

iron mass percentages was determined following the experimental procedure previously discussed 

in Section 2.3.1. Iron mass percentages of 25wt%, 37.5wt%, 50wt%, and 62.5wt% were targeted.  

2.3.4 Results for Fe/PDMS Membrane Young’s Modulus Testing 

The average Young’s Moduli have been calculated from the results of five trials. The thickness of 

the membranes made with the large particle powder could not be measured using calipers 

(Section 2.2.1) due to the particles being significantly larger than the expected membrane 

thickness. The engineering stress was calculated assuming a membrane thickness of 60µm. This 

was the same measured thickness as the membranes made with the small particle powder. It was 

also found that significant streaking occurred during spin coating when the concentration of large 

particle powder was greater than 60wt%. The stress – strain relationship was found to vary 

drastically between samples resulting in a wide range of Young`s Modulus`s being calculated. 
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Repeating the experiment did not decrease the variance in the measurements. Results are shown 

in Figure 6. The error bars represent the standard of deviation. 

 

Figure 6: Relationship between Young’s Modulus and iron mass percentage of large 

particle size Fe/PDMS membranes. 

Unlike the large particle size composite membranes, the thickness of the small particle size 

membranes could be measured using calipers (Section 2.2.1). At all iron mass percentages the 

thickness of the membranes were measured to be 60µm. Streaking during spin coating did not 

occur allowing for small particle size 62.5wt% membranes. This suggests that greater iron mass 

percentages are possible when using this powder. A greater consistency in the material stress – 

strain relationship was observed, resulting in an average Young’s Modulus with a low standard 

deviation. The Young’s Modulus was found to increase exponentially with iron mass percentage. 

Greater variance in Young’s Modulus was observed for membranes with an iron mass percentage 

of 62.5wt% and were attributed to some unevenness in iron distribution due to streaking. It is 

expected that Young’s Modulus will become more inconsistent as iron mass percentage is 

increased past 62.5%.  
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Figure 7: Relationship between Young’s Modulus and iron mass percentage of small 

particle size Fe/PDMS membranes. 

 Conclusion 2.4

A method of measuring the thickness of PDMS membranes was developed. The thickness of 

membranes as a function of thinning spin speed was determined. Membrane thickness for single 

and double layer membranes were found to be inversely proportional to the spin speed of the spin 

coating thinning step. The proportional difference in thickness between the single layer and 

double layer membranes was found to increase as thinning spin speed increased.  

The Young’s Moduli of PDMS membranes with varying base to curing agent mass ratios were 

quantified. The Young’s Moduli decreased with increasing base to curing agent mass ratio. Iron 

powder was mixed with pre-cured PDMS to produce pump chamber membranes. The Young’s 

Moduli of Fe/PDMS membranes were found to exponentially increase with increasing iron mass 

percentage. When iron powder with a particle size up to 150µm was used in the Fe/PDMS 

composite membrane, the material properties were found to vary considerately. Iron powder with 

a particle size less than 10µm was found to have significantly more consistent material properties. 
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It was also suggested that the Young’s Moduli of small particle composite membranes is lower 

than large particle composite membranes. 

For pump actuation, it was decided to use Fe/PDMS membranes with a base to curing agent mass 

ratio of 10:1 and a thinning spin speed of 1000rpm. Based on the material properties and 

qualitative observations made during handling of the different membranes, it was expected that a 

50wt% Fe/PDMS membrane made with a small particle size powder would be used in the 

micropump designs. This membrane has a Young’s Modulus of 2.05MPa. The magnetic actuator 

needs to be tested with Fe/PDMS membranes of different iron mass percentage before a final 

choice can be made. 
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Chapter 3 

Magnetic Actuator Design and Characterization 

 Camshaft Actuator 3.1

3.1.1 Introduction 

A magnetic actuator was previously developed by A. Allan and H. Sukardi for testing of the 

initial micropump design [26] [27]. The actuator consisted of a three 6.35mm x 6.35mm x 

6.35mm Nd2Fe14B rare earth magnet attached to a shaft following a cam. The cam was attached 

to a DC servo motor rotating at 480rpm, equivalent to an actuation frequency of 8Hz. The cam 

was designed so that the pump was actuated approximately every half revolution of the cam. The 

shaft travel distance per cycle was 8mm with a minimum magnet to pump chamber membrane 

distance of 2mm. The actuator cam and shaft were manufactured from 3D printed ABS. Friction 

between the cam and shaft was decreased using a small wheel and graphite lubricant.  

 

Figure 8: Isometric view of camshaft actuator. 

When the magnet to pump chamber distance was at its minimum, the membrane of the pump 

would be attracted to the magnets and deform towards the base of the pump, causing fluid to be 
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expelled from the pump. As soon as the magnets were pulled away, the membrane would relax 

and pull fluid back into the pump. 

Observations during preliminary testing suggested that the actuator worked well; the pump 

chamber membrane deformed to a large degree and fluid movement was evident. The 

performance of the actuator needed to be quantified in order for comparisons to be made with 

later actuators.  

3.1.2 Experimental Setup and Results of Determining Magnetic Field Strength 

An experiment was conducted to determine the magnetic field strength of the rare earth magnets 

used in the camshaft actuator. The magnets were attached to a micropositioner using tape. The 

sensor from a Lake Shore Cryotronics Model 425 Gaussmeter (magnetometer) was attached to a 

second micropositioner, and the sensing region was aligned to the end of the magnets. A ruler 

was used to measure the separation distance between the end of the magnets and the surface of 

the magnetometer sensing region. The strength of the magnetic field was measured at 1mm 

increments between 0 – 10mm.Three trials were conducted. 

 

Figure 9: Experimental setup for determining the magnetic field strength of the camshaft 

actuator permanent magnets.  
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The magnetic field strength was found to increase exponentially as the distance decreased, and is 

shown in Figure 10. Quantifying the magnetic field strength provided a metric for actuator 

comparison later on.  

 

Figure 10: Magnetic field strength of the camshaft actuator permanent magnets.  

3.1.3 Experimental Setup and Results of Determining Membrane Attraction 

An experiment was conducted to compare the force of attraction between the permanent magnet 

of the camshaft actuator and Fe/PDMS composite membranes of different particle size. Fe/PDMS 

composite membranes were prepared following the procedure previously discussed in Section 

2.1.3. Membranes were made using a base to curing agent mass ratio of 10:1, a thinning spin 

speed of 1000rpm, and an iron mass percentage of 50wt%. Membranes made with large and small 

particle size powder (<150µm and <10µm respectively) were produced. A cutting guide and 

surgical scalpel were used to cut strips 55mm long and 6.5mm wide from the Petri dishes. The 

camshaft actuator magnets were loaded into one of the grips of the TA.XTplus Texture Analyzer 

used previously for Young’s Modulus testing. The membrane strips were placed onto glass slides 

(stiction), which were then taped to a piece of brass and loaded into the second grip. 
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A grip movement speed of 0.25mm/s and data sampling rate of 200Hz were used. Initial trials 

were conducted without a sample present to determine residual attraction between the brass and 

the magnets. The initial grip separation distance was determined by moving the magnets towards 

the glass slide and brass until a contact force of 0.01N was measured. During trials the distance 

between the magnets and membranes were determined from the magnet travel distance and the 

initial grip separation distance. Three trials were conducted on large particle composite 

membranes and 12 trials were conducted on small particle membranes. More trials were 

conducted on the small particle composite membranes because preliminary experiment clearly 

showed that they were more strongly attracted to the permanent magnets. 

The force of attraction between the magnets and Fe/PDMS membranes made with different 

particle sizes membranes was found to differ. The force of attraction with the small composite 

membranes was measured to be 11.3% greater than the large particle composite membranes at the 

minimum magnet to membrane separation distance. Since both powders are nearly identical in 

composition, the results suggest that a greater iron concentration is found in the small particle size 

membranes than the large particle size membranes. More iron must be lost during the Fe/PDMS 

spin coating step with the large particle size powder than small particle sizes. Further 

experimentation is needed to verify this. An exponential increase in attractive force with 

decreasing separation distance was observed for both membranes. Results are shown in Figure 

11. 
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Figure 11: Comparison of attractive force between the camshaft actuator permanent 

magnets and Fe/PDMS membranes with different iron powder particle sizes.  

3.1.4 Conclusion 

With the addition of the membrane force testing results, the conclusion made in Chapter 2 can be 

expanded upon. The force of attraction due to the magnets on the small particle composite 

membranes was measured to be 11.3% greater than the large particle composite membranes. 

Along with the lower Young’s Modulus, more consistent material properties, and greater possible 

iron mass percentage, it is clearly evident that the small particle iron powder is a better choice for 

use in the Fe/PDMS membranes. Continuing forward, all micropump prototypes were to be made 

using Fe/PDMS membranes made with 50wt% <10µm particle size iron powder, a base to curing 

agent mass ratio of 10:1, and a thinning spin seed of 1000rpm. In addition, the strength of the 

magnetic field of the camshaft actuator was quantified. This provided a metric for later 

comparison with other actuator designs.  
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 Preliminary Solenoid Actuator 3.2

3.2.1 Introduction 

A permanent magnet actuator allows for a strong attractive force on the pump membrane 

producing large stroke volumes, better for good pump performance. Some underlying design 

problems associated with the previously mentioned actuator were discovered during 

experimentation. These problems include: 

• Low frequency actuation was impossible due to the servomotor stalling when supplied 

with low driving voltages. A high driving voltage was needed for high motor torque in 

order to overcome the friction between the cam and the shaft. 

• Actuation duty cycle could not be changed due to fixed cam shape. 

• Inconsistent magnet travel distance due to shaft occasionally “jumping” off of cam due to 

low spring strength that resulted in inconsistent loading on the membrane. Increasing the 

strength of the spring would have increased the friction between the cam and the shaft, 

compounding other problems and as such was deemed infeasible. 

• High vibrations and excessive noise during operation due to impact of the shaft with the 

holder when the cam was no longer pressing on the shaft. Prevented the use of vibration 

sensitive measuring equipment. 

• Mechanical weaknesses due to low strength materials being used. This resulted in 

fracturing of the shaft on multiple occasions. 

Once the shaft had failed and it was deemed impossible to repair, it was decided to design a new 

actuator in order to address these problems.  

3.2.2 Electromagnetic Theory 

A current carrying wire produces a magnetic field according to Ampere’s law. A steady current 

produces a steady magnetic field, which can be visualized with the right hand rule, where the 

thumb points in the direction of electric current, the fingers point in the direction of the magnetic 
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field circling around the conductor. The magnetic field produced by a current can be amplified by 

wrapping the conductor in a coil. The magnetic field lines of the loops overlap and amplify 

cumulatively. This is known as a solenoid, a type of electromagnet. An actuator could be 

designed using a solenoid to apply an attractive force on the membrane. 

When the solenoid was turned on, the membrane would be attracted and pulled towards the base 

of the pump. This would expel water out of the pump chamber and through the nozzle/diffusers. 

When the solenoid is turned off, the deformed membrane would be allowed to relax. This would 

pull fluid through the nozzle/diffusers and back into the pumping chamber.  

The magnetic field due to a current passing through a wire in a vacuum is described by Biot-

Savart’s Law [30] 

	
𝐻 =

𝐼
4𝜋

𝑑𝑙×𝑅
𝑅′!!

	 (3-1)	

Where H is the total magnetic field (also known as the magnetic field intensity or magnetizing 

field), 𝐼 is the steady current, 𝑑𝑙 is the distance vector in the direction of 𝐼, 𝑅′ is the distance 

between 𝑑𝑙 and the location where the magnetic flux density is being calculated, and 𝑅 is the unit 

vector in the direction of 𝑅. 

A relationship exists between the magnetic field strength (𝐵) and the magnetic field intensity (𝐻) 

	 𝐵 = 𝜇𝐻	 (3-2)	

Where 𝜇 is the magnetic permeability of a material. The magnetic permeability represents the 

degree of magnetization possible in a specific material.  

In solenoids, magnetic cores act to confine and concentrate magnetic fields, increasing the 

apparent strength. Magnetic core materials exhibit non-constant magnetic permeability with a 

diminishing increase in flux density with an increase in field intensity. Solving Equation 3-1 for a 

solenoid and integrating for a finite length results in [30] 
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𝐻 =

𝐼𝑁
2𝐿

∗
𝑥!

𝑥!! + 𝑟!
−

𝑥!
𝑥!! + 𝑟!

 	 (3-3)	

where 𝑁 is the number of wire turns, 𝐿 is the length of the solenoid, 𝑥! and 𝑥! are the distances 

between the ends of the solenoid to the point where magnetic field intensity is being calculated, 

and 𝑟 is the radius of the wire turns. 

3.2.3 Solenoid Heating Theory 

The solenoid was expected to heat due to the high amount of power being used. Solenoids have 

poor heat dissipation ability since it only occurs through the outside surface winding. Heating in 

the solenoid is primarily due to Joule’s first law 

	 𝑄′ ∝ 𝐼!×𝑅	 (3-4)	

where 𝑄’ is the quantity of heat, 𝐼 is the current passing through a conductor, and 𝑅 is the 

resistance of the conductor. Increasing the current passing through the solenoid causes a linear 

increase in magnetic field intensity (Equation3-3) and a quadratic increase in heating (Equation 3-

4). It is also important to note that the resistance of the wire changes according to 

	 𝑅 = 𝑅![1 + 𝛼 𝑇 − 𝑇! ]	 (3-5)	

where 𝛼 is the temperature coefficient of resistance, 𝑅! is the original resistance, 𝑅 is the new 

resistance, 𝑇! is the original temperature at which 𝑅! was measured at, and 𝑇 is the new 

temperature.  

A power supply typically acts as a voltage source, where the voltage is steady and current drawn 

is a result of the resistance of the connected circuit. Since significant heating of the solenoid is 

expected to occur, it cannot be assumed that the current will be constant. The resistance of the 

solenoid will increase due to Equation 3-5, causing the current to decrease according to Ohm’s 

law. Because the magnetic field intensity is directly dependent on the current (Equation 3-3), the 

strength of the solenoid would decrease over time. In order to solve this problem, a power supply 

that could run as a current source was chosen to power the solenoid. Voltage supplied to the 



 

29 

 

solenoid was allowed to increase as heating occurred while current was kept constant. Because of 

this, magnetic field intensity can be assumed to remain constant. The rate of heating of the 

solenoid will increase due to the increase in resistance. It was expected that the rate increase will 

be small and that it can be considered to be constant. 

3.2.4 Preliminary Solenoid Fabrication 

The windings of the preliminary solenoid were made from 24AWG magnet wire. The wire had a 

diameter of 0.511mm and resistance of 86.08Ω/km at 20°C. The windings were wrapped around a 

9.525mm diameter magnetic core (CMI-C Cold Drawn Rod for Electromagnetic Applications). A 

jig was developed for winding of the solenoid (See Figure 12). 

 

	 	

a)	 b)	

Figure 12: a) Jig used for winding of solenoid. b) Example of winding quality.  

After each layer was wrapped, a layer of clear nail polish was painted on the solenoid and 

allowed to dry. Nail polish was used to bond the winding layers together. As well, the nail polish 

provided an additional insulating layer, preventing possible short circuits in the solenoid due to 

magnet wire insulation being cracked or scratched off. 

The preliminary solenoid had a length of 52.6mm, average diameter of 22.7mm, and resistance of 

4.534Ω. The length of wire in the winding was calculated to be 53.72m. There were 15 layers of 

windings, with an average of 81 turns per layer for the first 14 layers and 63 turns for the last 
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layer. There were a total of 1199 turns. Due to how the solenoid was held in the jig during 

winding, 7mm of magnetic core was left exposed at the end of the solenoid. 

3.2.5 Experimental Setup for Determining Preliminary Solenoid Heating Rate 

The solenoid was tested to determine the maximum current density that could be passed through 

the solenoid winding with an acceptable rate heating. Determining the rate of heating in terms of 

current density removed the dependence on the diameter of the winding wire. The results of the 

experiment can be used when designing a solenoid wound with a different gauge magnet wire. It 

was decided that an acceptable rate of heating would be considered to be approximately 

2.5°C/min. At this rate, the solenoid would be, starting at 25°C, able to be powered for 10min and 

reach a maximum temperature of 50°C. This was a soft target and final temperatures slightly 

above 50°C would still acceptable. The solenoid was powered with an Agilent E3631A power 

supply for 10min at a constant current density, with the surface temperature of the solenoid 

winding being measured every minute using an infrared thermometer. The solenoid was 

positioned on its end, so that the winding was not resting on any surface. After a trial was 

conducted the solenoid was allowed to cool back to 25°C before the next trial would proceed. 

Once the maximum current density in the windings was determined, the solenoid was connected 

to the power supply through a relay. A square wave signal (5𝑉!!, 2.5𝑉!" , 1Hz, and 50% Duty 

Cycle) from an Agilent 33220A waveform generator was supplied to the signal side of a 

CPC1709J solid-state relay, actuating the solenoid. The solenoid was actuated for 10min and the 

temperature was measured every minute for a total of 10min.  

3.2.6 Results of Preliminary Solenoid Heating Rate Testing  

The temperature of the solenoid was found to increase linearly for a given current density. 

At 25°𝐶, 4.534𝑉 was needed to supply 1𝐴 of current, resulting in a current density of 4.88𝐴/

𝑚𝑚!, temperature increase at a rate of 2.66°𝐶/𝑚𝑖𝑛, and a final surface temperature of 50.6°𝐶 

after 10min. By comparing the slopes of the linear fits, it can also be seen that a quadratic 
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increase in the rate of heating occurs as the current density is increased. This is expected due to 

Equation 3-4.  

The solenoid heating rate decreased by half when actuated at a 50% duty cycle. The temperature 

increased at a rate of 1.26°𝐶/𝑚𝑖𝑛, nearly equivalent to when the solenoid was supplied with 

0.7A. This suggests that the rate of heating at a 50% duty cycle is !
!
 times less. This means that if 

the solenoid is supplied with 2A supplied at a 50% duty cycle, the rate of heating should be 

equivalent to 1A supplied constantly. Results are shown in Figure 13 and Figure 14. 

 

Figure 13: Results of preliminary solenoid heat testing. 
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Figure 14: Comparison between the rate of heating and the current supplied to the solenoid. 

3.2.7 Experimental Setup for Determining Preliminary Solenoid Magnetic Field Strength 

An experiment was conducted to determine the magnetic field strength of the solenoid at different 

supplied currents. The experimental setup previously mentioned in Section 3.1.2 was used. The 

preliminary solenoid was attached to the micro-positioner instead of the permanent magnets, with 

the magnetic core in line with the center of the magnetometer sensing region. The magnetic field 

strength was measured with the end of the solenoid resting against the magnetometer sensing 

region. 

In addition, an experiment was conducted to determine the impact of the exposed core material on 

the solenoid performance. After the magnetic flux density was measured at different supplied 

currents, 3mm of the magnetic core was cut off with a hacksaw and the magnetic flux density was 

measured when 0.5A was supplied to the solenoid.  

 

 



 

33 

 

3.2.8 Results of Preliminary Solenoid Magnetic Field Strength Testing 

As the current supplied to the solenoid was increased, a linear increase in magnetic flux density 

was measured. The magnetic field strength of the preliminary solenoid with 1A of supplied 

current was measured to be 18.07% of the magnetic field strength of the permanent magnets used 

in the camshaft actuator described in Section 3.1.2. A 3% increase in magnetic field strength was 

measured when some of the excess core material was removed. Due to the risk associated with 

cutting the excess core material off, this was deemed to be an insignificant change. 

Table 3: Comparison between peak magnetic field strength and power supply output. 

 

3.2.9 Conclusion 

It was determined that a maximum of 1A of constant current could be safely passed through a 

solenoid wound with 24AWG safely for 10 minutes without significant heating. This was equal to 

a current density of 4.88𝐴/𝑚𝑚! with a heating rate of 2.6°𝐶/𝑚𝑖𝑛. At a 50% duty cycle, the 

heating rate decreased by approximately half to 1.26°𝐶/𝑚𝑖𝑛. This was observed to be equivalent 

to approximately 0.7A of constant current. It was expected that 2A could be supplied at 50% 

duty cycle to the solenoid, with a rate of heating equivalent to 1A supplied constantly. This would 

result in a current density of 6.90𝐴/𝑚𝑚!. Using this information, a solenoid can be designed 

with the goal of using the maximum output from the power supply resulting in the strongest 

possible solenoid actuator.  

The peak magnetic flux density of the solenoid was observed to linearly increase with current. 

The magnetic flux density of the preliminary solenoid was measured to be 18.07% of the 

permanent magnets used in the camshaft actuator. This will later be used as a method of 

comparison when optimizing the solenoid design.  

Power	Supply	Output	(A) Magnetic	Field	Strength	(T)
0.5 0.0498

0.707 0.0692
1.0 0.0956
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A significant change in magnetic field strength was not observed when the excess magnetic core 

was shortened. Shortening the magnetic core after winding of the solenoid wire was deemed to be 

an unnecessary risk due to the potential damage to the solenoid windings thereby causing a short 

circuit and resulting in a potential safety hazard. 

 Final Solenoid Design 3.3

3.3.1 Optimizing Solenoid Voltage, Current, and Winding Length 

In order to maximize the magnetic field intensity, the first step is to maximize the current and 

number of turns. An estimate of the maximum current density is already known due to testing of 

the preliminary solenoid in Section 3.2.6. An excess of magnet wire was available for winding of 

the solenoid. The first limiting factor to the strength of the solenoid was determined to be the 

amount of power that could be supplied; a maximum of 30W as 6V and 5A.  

It was first decided to use a larger gauge magnetic wire for the optimized solenoid. 22AWG 

magnet wire was chosen for the solenoid winding. A current density of 4.88𝐴/𝑚𝑚! and 6.90𝐴/

𝑚𝑚! results in a power supply current output of 1.59A and 2.25A respectively. This is still 

significantly less than the possible power supply output but the wire is thin enough that winding 

of the solenoid can be done by hand. In order to compensate for this, two equal length windings 

connected in parallel were used. Assuming that the resistance of the windings are equal, if 2.25A 

of current was needed the power supply would output 4.5A; almost the maximum power supply 

current output. As long as the current direction is the same in both windings, it could be assumed 

that the resultant magnetic field strength was the sum of the magnetic field strength from the two 

individual windings.  

22AWG wire has a resistance of 52.96Ω/km. At a power supply output of 5V and 4.5A, the 

maximum length of each individual winding would be 41.96m with a resistance of 2.22Ω. 5V 

was chosen as the operating voltage because the solenoid resistance increases as the solenoid 



 

35 

 

warms. Starting at 5V when the solenoid is at room temperature allows the resistance to increase 

an additional 20% before the supplied current started decreasing. 

3.3.2 Procedure for Optimizing Solenoid Geometry  

Using Equation 3-3 (Section 3.2.2) alone to calculate the magnetic field intensity results in an 

unrealistic solution. The calculated magnetic field intensity for a given length of wire would be 

significantly higher because the number of turns possible for a given length of wire is greater 

when there is no concern for how the wire will fit around the magnetic core. The wire turns also 

all have the same radius, thereby contributing more significantly to the magnetic field intensity. 

In reality the radius would be increasing as layers are wrapped around other layers. Windings 

further away from the solenoid influence the magnetic field intensity less significantly due to the 

greater distance to the center axis of the solenoid.  

A program (MATLAB) was developed to determine the solenoid geometry that would produce 

the strongest magnetic field intensity. The theoretical magnetic field intensity was calculated over 

different solenoid lengths using Equation 3-3, taking into consideration how the winding fits 

together and the increasing winding radius with each successive winding layer. The flow structure 

of the design program is shown in the following figure. 

 

Figure 15: Flow structure of solenoid design program 
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3.3.3 Results of Optimizing Solenoid Geometry 

The theoretical magnetic field strength at the tip of the solenoid was calculated and compared to 

the ratio between the solenoid length and outer radius (𝐿/𝑅). Calculations were conducted at the 

tip of the theoretical solenoid (𝑥! = 0). An insulation thickness of 0.053mm was used when 

determining the layer radius and turns per layer. It was found that geometries with a 𝐿/𝑅 between 

0.33 and 1.11 produced a magnetic field intensity greater than 425A/m, with a peak magnetic 

field intensity of 452.79A/m when the solenoid 𝐿/𝑅 was 0.61. This is shown in Figure 16. It was 

calculated that the optimal solenoid geometry should have between 16 and 34 turns per layer, 

total number of turns between 660 and 905, solenoid length between 12mm and 26mm 

(significantly shorter than the preliminary solenoid), and radius between 16mm and 34mm. The 

total length of the winding was 83.92m for all solenoid designs. 

 

Figure 16: The theoretical magnetic field intensity of different size solenoids when wound 

with a fixed length of wire. 
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3.3.4 Solenoid Fabrication 

The results shown in Section 3.3.3 shows that significant variation in the solenoid design is 

possible. It was decided to try to manufacture a solenoid with a 𝐿/𝑅 between 0.9 and 1.0. This 

range was chosen because it was expected that since the winding was being done by hand, either 

the radius or the length of the solenoid would be larger than expected. As well, it can be seen that 

the theoretical magnetic field intensity (Figure 16) drops more rapidly when the solenoid 𝐿/𝑅 is 

less than 0.61, rather than when 𝐿/𝑅 is greater than 0.61. 

The distance between the endplates on the winding jig (Figure 12) was initially set to 25mm. It 

was expected that with perfect winding the radius of the solenoid would be 25.76mm (𝐿/𝑅 of 

0.96). During winding it was found that the distance between the endplates unexpectedly 

increased to 28mm. Tightly winding the wire around the magnetic core resulted in a high force on 

the endplates, causing them to be pushed outwards and some shifting of the magnetic core to 

occur. 

Winding was conducted in the same manner as shown in Figure 12. The final solenoid had a final 

length of 28mm and a radius of 24mm (𝐿/𝑅 of 1.17). Approximately 45m of wire was used for 

each winding layer. The average resistance of the inner and outer windings were measured to be 

2.364Ω and 2.362Ω respectively at 20°C. The total resistance of the solenoid was calculated to be 

1.174Ω. The windings were wound around a 9.525mm diameter magnetic core, mentioned 

previously in Section 3.2.4. 8mm of core material was left exposed at the end of the solenoid. The 

solenoid had a total of 29 layers with an average of 30.5 turns per layer, except for the last layer, 

which contained 12 turns. There were a total of 865 turns. 
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a)	 b)	

Figure 17: a) Cross-sectional schematic of completed two winding layer solenoid. All units 

shown are in mm. b) Image of final solenoid.  

Due to the shifting endplates, the 𝐿/𝑅 was larger and outside of the expected range. The 

theoretical magnetic field intensity was not calculated for 𝐿/𝑅 of 1.17, but it was for 1.1437 and 

1.2121. A linear interpolation between these points resulted in a theoretical magnetic field 

intensity of 416.13A/m. This is 8.1% less than the peak possible magnetic field intensity, and as 

such was deemed to be still acceptable. It is interesting to note that the length and radius of the 

theoretical solenoid calculated in Figure 16 with a 𝐿/𝑅 of 1.1437 had a length and radius of 

28mm and 24.26mm respectively, nearly identical to the geometry of the actual solenoid made. 

3.3.5 Experimental Setup for Determining Solenoid Heating Rate 

The solenoid was tested to determine what magnitude of current could be supplied by the power 

supply without significant heating occurring. The experimental setup previously described in 

Section 3.2.5 was used.  

3.3.6 Results of Solenoid Heating Rate Testing  

The initial current supplied to the solenoid by the power supply was 3.2A, equal to a current 

density of 4.91𝐴/𝑚𝑚! in the windings. This was determined in Section 3.2.6 and took into 
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consideration that the winding layers in the solenoid are connected in parallel to the power supply 

resulting in 1.6A per winding layer. The rate of heating was found to be significantly greater than 

expected; 50°C was reached after only 6min when it was expected it would take 10min. It was 

suspected that this occurred primarily due to a lower rate of heat loss from the solenoid. The 

major source of heat loss was determined to be due to convection with the surrounding air, which 

is dependent on the exposed surface area of the solenoid. The surface area to volume ratio of the 

solenoid is lower than the preliminary solenoid, which results in a greater heating rate. The 

current was decreased incrementally until an acceptable rate of heating was determined. A current 

density of 4.14𝐴/𝑚𝑚! (power supply output of 2.7A) resulted in a heating rate of 2.9°𝐶/𝑚𝑖𝑛, 

greater than the heating rate determined in Section 3.2.6 but deemed to be still acceptable. 

It was expected that when the solenoid would be actuated by the waveform generator at 1Hz and 

50% duty cycle, that 2 times more current could be supplied to the solenoid and the rate of 

heating would stay the same. This was confirmed to be true; a current density of 5.85𝐴/

𝑚𝑚! with a 50% duty cycle (power supply output of 3.8A) resulted in a heating rate of 2.9°𝐶/

𝑚𝑖𝑛.  

3.3.7 Experimental Setup for Determining Solenoid Magnetic Field Strength 

An experiment was conducted to determine the magnetic field strength when 2.7A, 3.8A, and 

4.5A were supplied to the solenoid. The experimental setup previously discussed in Section 3.2.7 

was used.  

3.3.8 Results of Preliminary Solenoid Magnetic Field Strength Testing  

The magnetic field strength was found to increase linearly as current supplied to the solenoid 

increased, as is expected due to Equation 3-3. The peak magnetic field strength was found to be 

0.09982T at 2.7A, 0.13934T at 3.8A, and 0.16264T at 4.5A. This is equal to 18.88%, 26.36%, 

and 30.76% of the magnetic field strength of the magnets used in the camshaft actuator.  
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3.3.9 Experimental Setup for Determining Solenoid and Membrane Attraction  

An experiment was conducted to determine the force of attraction between the solenoid and 

Fe/PDMS composite membranes of varying iron mass percentages. This was done in order to 

characterize the strength of attraction relationship for possible future comparisons. The 

experimental setup previously discussed in Section 3.1.3 was used, with the solenoid replacing 

the camshaft actuator magnets. Fe/PDMS membranes made with 10:1 base to curing agent ratio, 

1000rpm thinning speed, and small particle iron powder were tested. The solenoid was supplied 

with 3.8A of constant current. 

Initial trials were conducted without a sample present to determine residual attraction between the 

brass and the magnets. Three trials were conducted at each iron mass percentage. Circular pieces 

of Fe/PDMS membrane with a diameter of 6.35mm were tested. It was assumed that since the 

composite membrane samples were smaller than the solenoid core, the samples were attracted to 

the solenoid only through the magnetic field lines normal to the surface of the sample. The force 

of attraction was measured and the force per unit area was calculated based on the sample size.  

3.3.10 Results of Solenoid and Membrane Attraction Testing 

The attraction between the solenoid and membrane samples was found to increase exponentially 

with decreasing separation distance. The results of the experiment are shown in Figure 18 
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Figure 18: The force per unit area of attraction between the solenoid and Fe/PDMS 

membranes of different iron mass percentages. 

3.3.11 Conclusion 

Using the background information determined from the preliminary solenoid testing, an 

optimized solenoid was developed. The main limiting factor to the strength of the solenoid was 

determined to be the power that could be supplied; 30W as 6V and 5A. A solenoid with two 

layers of windings made from 22AWG magnet wire and a 9.525mm diameter magnetic core was 

developed to address this limitation. The two layers of windings would have an equal resistance 

and be connected in parallel. It was assumed that since the current flowed in the same direction in 

each winding layer, that the resultant magnetic field was the cumulative of the individual fields. It 

was expected that a current density of 4.88𝐴/𝑚𝑚! with constant current and 6.90𝐴/𝑚𝑚! with a 

50% actuation duty cycle could be passed through the windings of the solenoid without excessive 

heating. This was equivalent to a power supply output of 3.18A and 4.5A respectively. 

An analysis was conducted to determine what dimensions the solenoid should have in order to 

have the strongest magnetic field. A method to more accurately calculate the theoretical magnetic 
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field intensity of the solenoid was developed. It was assumed that a fixed length of wire was 

available for the windings based on the current density determined during testing of the 

preliminary solenoid, resistance of 22AWG wire, and maximum power supply current output of 

4.5A. It was determined that a 𝐿/𝑅 between 0.33 and 1.11 produced the largest magnetic field 

intensity, greater than 425A/m and within 6.1% of the peak. 

A two winding layer solenoid was produced. The solenoid had a final length of 28mm and a 

radius of 24mm (𝐿/𝑅 of 1.17). The dimensions of the solenoid were larger than expected and 

attributed to shifting of the end plates on the winding jig. Approximately 45m of wire were used 

for each winding layer. The magnetic field intensity was calculated to be 416.13A/m, 8.1% less 

than the theoretical maximum. The optimized solenoid heating rate was determined to be greater 

than expected. Experimentation showed than a current density of 4.14𝐴/𝑚𝑚! as constant current 

and 5.85𝐴/𝑚𝑚! at 50% actuation duty cycle resulted in a heating rate of 2.9°𝐶/𝑚𝑖𝑛. A current 

density of 5.85𝐴/𝑚𝑚! was equivalent to a power supply output of 3.8A. The peak magnetic 

field strength of the solenoid was determined to be 26.36% of the strength of the camshaft 

actuator magnets. With an improved method of cooling, the magnetic field strength could be 

increased to 30.76% of the strength of the camshaft actuator magnets. For 50wt% Fe/PDMS 

membranes with a solenoid supplied current of 3.8A, it was determined that the solenoid had a 

peak attractive loading of 42.29𝜇𝑁/𝑚𝑚!. 
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Chapter 4 

Micropump Design and Fabrication 

 Introduction 4.1

With the ability to control the thickness, material properties, magnetic response of the membrane, 

and the finalization of the magnetic actuator, focus can be brought back to the design and 

fabrication of the micropump. As mentioned previously in Section 1.1.2, the performance of a 

nozzle/diffuser micropump is primarily related to the volume change during membrane 

oscillation and the efficiency of the nozzle/diffuser. The efficiency of the nozzle/diffuser is 

primarily dependent on the pressure loss coefficients in both the nozzle and diffuser direction 

(Equations 1-5). The pressure loss coefficients for the entrances, exits, and convergence have 

previously been determined (Section 1.1.2) leaving only the loss coefficient of the divergence 

needing to be determined.  

 Theory for Determining the Pressure Loss Coefficient of the Divergence 4.2

The main problem in determining the divergence pressure loss coefficient was identified by 

Stemme and Stemme [3] in their introduction to the theory behind nozzle/diffuser micropumps: 

“First, a high-performance diffuser with a low loss coefficient, 𝜉!, operates in 

a transitory stalled flow region. This flow region is strongly unsteady with 

flow separation at the walls. Small changes in design geometry cause large 

changes in diffuser performance. Since there are no analytical expressions 

that quantitatively describe the diffuser performance, an empirically 

determined optimization is necessary. 

Secondly, there are, as far as we know, no published empirical results in the 

low-velocity region in which our pump operates. The literature mainly 

describes diffuser performance in the high-velocity flow region in 

applications such as jet, turbine, and compressor technology. 
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Thirdly, the oscillating diaphragm creates a strongly pulsating flow, which 

probably results in a diffuser/nozzle flow performance different from that in a 

stationary flow situation. There are no useful published data for pulsed flow 

through diffusers.” [3] 

For diffuser micropumps, any divergence pressure loss coefficient is at best 

an approximation. Experimental trial and error is needed in order to design a 

diffuser micropump that functions well.  

Patterson [31] determined that the efficiency of an expanding duct where there is a constant 

velocity distribution across the inlet and outlet is equal to 

	 𝜂′ =
𝑃! − 𝑃!

1
2 𝜌𝑈!

! 1 − 𝐴!!

𝐴!!
	

(4-1)	

Where 𝜂′ is the efficiency of energy transformation, 𝑃! and 𝑃!are the pressures at the inlet and 

outlet respectively, 𝜌 is the density of the fluid, 𝑈! is the mean fluid velocity at the inlet, and 𝐴! 

and 𝐴! are the cross-sectional area of the inlet and outlet respectively. The energy transformation 

efficiency is related to the pressure loss coefficient through [32] 

	 𝜂′ = 1 − 𝜆	 (4-2)	

 Where 𝜆 is the pressure loss coefficient of the divergence, equivalent to 𝜉!,!"# and 𝐾!,!"# 

previously mentioned in Equation 1-3. While Equation 4-1 cannot be solved directly due to 

unknown variables (unknown pressures and non-constant fluid velocity), Patterson does provide 

energy transformation efficiencies for diffusers of varying general shape and angles of 

divergence. For a rectangular diffuser with an angle of divergence of 10°, the efficiency of energy 

transformation is approximately 0.834 [31], resulting in a divergence pressure loss coefficient of 

0.166. This is similar to a pressure loss coefficient of 0.175 that Yamahata [5] determined for a 

diffuser with an angle of divergence of 9.5°. 

Again it is important to stress that at best this is an approximation. The divergence pressure loss 

coefficient is likely to be significantly larger in actuality due to this approximation being limited 
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and taking into consideration only the general shape and angle of divergence. Calculations did 

show that as long as the divergence pressure loss coefficient was less than 0.8 the nozzle/diffuser 

should have an efficiency greater than 1.0. This would results in a net flow rate in the direction of 

the divergence during actuation. 

 Micropump Designs and Fabrication Procedures 4.3

The micropump design created by C. Allan and H. Sukardi was found to be difficult to fabricate 

and reliably produce. Many failures were associated with the membrane sticking to the base of 

the pump and leaks at the junction between the tubing and the pump base. It was decided that 

significant changes to the design could be made with the aim of improving the reliability of the 

fabrication process and making the pump more suitable for biomedical application. The final goal 

of the pump is for use in the treatment of glaucoma.  

Using the nozzle/diffuser theory previously discussed, two types of micropumps were designed. 

All pumps were made with materials that show evidence of good biocompatibility [17], [33]. The 

designs differ in how ideal the tube nozzle/diffuser geometries are and the tube attachment 

method used. All designs produced are modular, where the membranes used for pump actuation 

can be changed based on the work conducted in Chapter 2. 

4.3.1 Planar Micropump Designs (OPT1, OPT2, and OPT3 Micropumps) 

The first micropump design is presented in Figure 19. It was designed to be compact (total 

thickness of approximately 1mm), flexible, and easily fabricated. 
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Figure 19: Exploded view of the planar micropump design. Pump components are written 

in red and pump features are written in black. 

The pump body was produced with casting. The design of the nozzle/diffuser geometry (see 

Figure 19) was based on nozzle/diffuser theory and the milling limits for the mold. For best pump 

performance, sharp corners are needed in certain locations (𝑊! in Figure 2). This type of a feature 

is impossible to produce with common milling tools and procedures. Rounded corners with the 

smallest radius possible (imposed by available milling tools) were used instead. An in-plane 

design was used for the tube attachment in the interest of keeping the pump thin. Doghouse 

structures (vertical cross-section = 300 × 600µm rectangle + 600µm diameter semicircle, length = 

3mm) were included on both the inlet and the outlet side of the pump body allowing the tubes to 

be seated within. 

The main dimensions of the nozzle/diffusers are described in Figure 20. 
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Figure 20: Nozzle/diffuser geometry description. 

The height of the nozzle/diffusers is 450 µm for all planar pump designs. Other feature 

dimensions are described as follows: 

• ℎ – The height of the nozzle/diffuser. 

• ℎ!  – The height of the pumping chamber. 

• ø!  – The diameter of the pumping chamber. 

Three planar designs were produced and tested. A summary of the geometries is shown in Table 

4. 

Table 4: Summary of planar micropump geometries. 

 
The height of the pumping chamber for the OPT1 and OPT2 designs were greater than the height 

of the nozzle/diffusers because of the uncertainty with respect to the distance of membrane 

deformation when used with the optimized solenoid. Preliminary experiments with the optimized 

solenoid and an OPT2 micropump (actuation membrane: 50wt% Fe/PDMS spin coated with 

1000rpm thinning speed) showed that a maximum deformation of 210µm was possible. This was 

determined by measuring the change in height needed for a microscope to bring the center of the 

Design	Name W 1	 (µm) W 2 	(µm) L	(µm) 2θ R	(µm) h	(µm) h C 	(µm) ø C 	(mm)
OPT1 100 288 1153 10° 190.5 450 1000 3.5
OPT2 86 216 949 10° 196.5 450 750 4
OPT3 86 216 949 10° 196.5 450 450 4
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membrane in focus before actuation and after actuation. During the test the pump was filled with 

air. A total of 20 trials were conducted.  

Using the above geometries, the efficiency of the nozzle/diffusers could be calculated. All 

normalized pressure loss coefficients were calculated using the previously mentioned theory 

(Section 4.2). The results of calculations are summarized in the following table. 

Table 5: Summary of planar micropump efficiency calculations. 

 
It was calculated that all planar micropump designs had a nozzle/diffuser efficiency greater than 

1, meaning that net flow during actuation is expected in the direction of the divergence. The 

nozzle/diffuser geometries of the OPT2 and OPT3 designs were made before the theory was fully 

understood, resulting in a drop in efficiency.  

4.3.2 Planar Micropump Fabrication 

The planar micropump designs were fabricated with a five-step process (see Figure 21). 

Design	Name K d,i K d,div K d,o ξ d K n,i K n,conv K n,o ξ n η
OPT1 0.05 0.166 1 0.337 0.05 0 1 1.006 2.99
OPT2 0.05 0.166 1 0.375 0.05 0 1 1.008 2.69
OPT3 0.05 0.166 1 0.375 0.05 0 1 1.008 2.69
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Figure 21: Diagram of the pump fabrication process. Fabrication example is shown with a 

PDMS membrane.  

Step one: The mold for casting the pump body was milled with a Microlution 363-S Horizontal 

Milling Machine (XYZ positional accuracy of 1µm, top spindle speed of 50 000 RPM, self-

zeroing, and linear motors with zero backlash) using carbine miniature cuttings tools from Harvey 

Tools. The mold was modelled in Solid Edge ST6 and the tool paths were generated using 

Mastercam X5: Mill Level 3 CAD/CAM. A rectangular stock brass (6.35mm thick, 22mm long, 

and 25.4mm wide) was secured in the milling machine using double sided tape. It was milled 

using the following steps: 

1. Surface high-speed area roughing (3 mm square end mill) to remove the bulk of the 

material from the mold cavity while leaving 50 µm on walls and floors. 

2. Surface contour finishing (1 mm ball end mill) to give the mold sidewalls a smooth and 

polished finish with a 10o taper. This facilitated the removal of the PDMS from the mold. 
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3. Surface high-speed rest roughing (1 mm square end mill) to finish the base of the mold 

and to rough the contour of the pump while leaving 50 µm on the walls of the pump 

features. 

4. Surface contour finishing (0.381 mm square end mill) to finish the surface of the pump 

features. 

5. Parallel surface finishing (0.46 mm ball end mill) with a 90° milling angle to mill the top 

surface of the doghouse structures for the inlet and the outlet. A rough surface was 

produced to improve bonding between the PDMS and the tubing.  

After machining, the mold was cleaned to remove oil and any remaining metal bits. A single 

mold was produced for each planar micropump design. An example close-up image of one of the 

molds is shown in Figure 22. 

 

Figure 22: Composite close-up image of the mold features used to produce the pump body 

of the OPT3 micropump. 

Step two: The pump body was cast. PDMS was prepared following the procedure outlined in 

Section 2.1.1. The pre-cured PDMS was poured into the mold until it reached a height of 1 mm, 

then cured by putting the mold in an oven preheated at 65°C for 15 min. The pump body was 

released from the mold using tweezers and placed on a clean glass slide feature side up. A 
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surgical scalpel was used to trim the edges of the pump body, removing uneven sections and 

exposing the ends of the inlet and outlet doghouse structures. 

Step three: The tubing was bonded to the pump body. The doghouse structures for the inlet and 

outlet tubing were painted with a thin layer of pre-cured PDMS using the tip of a pin. Two pieces 

of silicone tubing (Silastic Laboratory Tubing, inner diameter 0.3 mm and outer diameter 

0.64 mm) were cut (length of tubing dependent on which experiment being conducted) and the 

ends were inserted into the inlet and outlet doghouse structures. Care was taken to ensure no pre-

cured PDMS entered the nozzle/diffusers or the inside of the tubing. The pump body and tubing 

were again placed in the oven at 65°C for 15 min, curing the PDMS and firmly attaching the 

tubing to the pump body. 

Step four: The membrane was made and prepared for bonding. A membrane was prepared 

following the procedure outlined in Section 2.1.2 for a PDMS membrane or Section 2.1.3 for a 

Fe/PDMS membrane. The procedure followed depended on which type of membrane was 

required. After spin coating, the membrane was partially cured by placing the Petri dish in the 

oven at 65°C for approximately 5 min. A properly partially cured membrane exhibited specific 

physical characteristics when touched with a finger. It would stick so strongly to the finger that 

the whole petri dish could be lifted off the table when the finger was lifted. When the finger was 

pulled off, no partially cured PDMS or Fe/PDMS would be released from the Petri dish. Finally, 

it would have a clear and well-defined fingerprint left on it when the finger was removed. 

Step five: The pump body-tubing assembly was bonded to the membrane. Immediately after 

removing the Petri dish with the partially cured membrane from the oven, the pump body-tubing 

assembly was placed on top of the membrane, feature side down. Light pressure was applied in 

order to ensure complete contact and elimination of all air bubbles. The whole assembly was 

placed back in the oven at 65°C for 10 min to completely cure the membrane. The assembly was 

then removed from the oven. Using a pin, a thin layer of pre-cured PDMS was painted around the 
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tubing where it enters the pump body. The assembly was placed back into the oven at 65°C for 

15 min creating a watertight seal between the tubing, pump body, and membrane. The assembly 

was removed from the oven and the pump was released from the Petri dish by squaring it out with 

a scalpel and peeling it off with tweezers. 

4.3.3 Non-Planar Micropump Design (Large Chamber Micropump) 

The second micropump design is presented in Figure 23. It was designed to have a more ideal 

nozzle/diffuser geometry than the planar design micropump designs.  

 

Figure 23: Exploded view of the non-planar micropump design. Pump components are 

written in red and pump features are written in black. All dimensions shown in mm. 

The pump body for the second micropump design was also produced with casting procedure. 

Photolithography with SU-8 photoresist was used to produce the mold instead of milling. This 
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allowed for sharp corners to be included in the geometry of the nozzle/diffusers of the pump (𝑊! 

in Figure 2), resulting in a more ideal geometry according to theory. Unfortunately an in-plane 

design for tube attachment could not be incorporated because the photolithography procedure 

used to produce the mold did not allow for different height structures to be created. Tube couplers 

were cast from a mold and attached to the end of the tubing, allowing the tubes to be bonded to 

the surface of the membrane instead. 

The main dimensions of the nozzle/diffusers are described in Figure 24. The height of all features 

was 241µm.  

 

Figure 24: Nozzle/diffuser geometry. The height of the pumping chamber and the 

nozzle/diffusers is 241µm. All dimensions shown in µm. 

Using these geometries, the efficiency of the nozzle/diffusers could be calculated. All normalized 

pressure loss coefficients were calculated using the previously mentioned theory (Section 4.2). 

The results of calculations are summarized in the following table. 

Table 6: Summary of non-planar micropump efficiency calculations. 

 
As expected from the theory, the efficiency of the non-planar micropump design is greater than 

the planar micropump design (3.20 as opposed to 2.69 and 2.99) due to the inclusion of the sharp 

Design	Name K d,i K d,div K d,o ξ d K n,i K n,conv K n,o ξ n η
Large	Chamber 0.05 0.166 1 0.330 0.5 0 1 1.057 3.20
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corners. The non-planar micropump nozzle/diffuser efficiency is greater than 1, meaning that 

flow is also expected in the direction of the divergence. 

4.3.4 Non-Planar Micropump Fabrication 

The fabrication process for the non-planar micropump design was more complicated due to a 

non-planar tube attachment being used. Nine steps were used in the fabrication process. 

Step one: The mold for casting the pump body was produced with photolithography. A mask 

containing ideal nozzle/diffuser micropump designs was designed. Two layers of SU-8 

photoresist were spin coated onto a 100mm diameter silicon wafer to a final thickness of 241µm. 

After exposure and etching, silanization was performed on the mold using trichloro(1H, 2H, 2H-

perfluorooctyl)silane. This reduced the surface energy of the silicon and resulted in an easier 

release of the pump body later on. An image of the mask used to make the mold is shown in 

Figure 25. Twelve non-planar pump designs were included on the mold. Only the Large Chamber 

design was experimented with and is being presented. 
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Figure 25: Image of the mask used to produce the mold for the non-planar micropump 

design. The Large Chamber micropump design is outlined in red. 

Step two: The pump body was cast. Five batches of PDMS were prepared following the 

procedure outlined in Section 2.1.1. A single batch of PDMS was poured onto the lithography 

mold, spin coated following the membrane procedure in Section 2.1.2 with a thinning spin speed 

of 1000rpm, and cured by putting the mold in an oven preheated at 65°C for 15 min. Once 

allowed to cool to room temperature outside of the oven, another batch of PDMS was poured on 

top of the first, spin coated following the membrane procedure with a thinning spin speed of 

1000rpm, and cured in the oven. This was repeated until all five batches were spin coated and 

cured on top of each another. This resulted in a smooth layer of PDMS with a final thickness of 

approximately 400µm. The pump body was released from the mold using tweezers and placed on 

a clean Petri dish feature side up. A surgical scalpel was used to cut out the Large Chamber 

design pump body. 
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Step three: The Fe/PDMS membrane was made and prepared for bonding. A Fe/PDMS 

membrane was prepared following the procedure outlined in Section 2.1.3. After spin coating, the 

membrane was partially cured by placing the Petri dish in the oven at 65°C for approximately 

5 min. The properties of a partially cured membrane have been previously mentioned in Section 

4.3.3. 

Step four: The pump body was bonded to the Fe/PDMS membrane. Immediately after removing 

the Petri dish with the partially cured Fe/PDMS membrane from the oven, the pump body was 

placed on top of the Fe/PDMS membrane, feature side down. Light pressure was applied in order 

to ensure complete contact and elimination of all air bubbles. The assembly was placed back in 

the oven at 65°C for 10 min to completely cure the Fe/PDMS membrane. The assembly was then 

removed from the oven. 

Step five: Holes were made in the Fe/PDMS membrane for the tubes. A 1/16” hole punch was 

used to make a hole through the Fe/PDMS membrane at the inlet and outlet. Unfortunately this 

created holes in the pump body that needed to be sealed. After the holes were made the assembly 

was released from the Petri dish by squaring it out with a scalpel and peeling it off with tweezers. 

Step six: The PDMS membrane was made and prepared for bonding. A PDMS membrane was 

prepared following the procedure outlined in Section 2.1.2 and with a thinning spin speed of 

1000rpm. After spin coating, the membrane was partially cured by placing the Petri dish in the 

oven at 65°C for about 5 min. 

Step seven: The pump body was bonded to the PDMS membrane. Immediately after removing 

the Petri dish with the partially cured PDMS membrane from the oven, the pump body and 

Fe/PDMS membrane assembly was placed on top of the PDMS membrane, pump body side 

down. Light pressure was applied in order to ensure complete contact and elimination of all air 

bubbles. The whole assembly was placed back in the oven at 65°C for 10 min to completely cure 
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the PDMS membrane and seal the holes in the pump body. The assembly was then removed from 

the oven. 

Step eight: The tubes were bonded to tube couplers. PDMS was prepared following the procedure 

outlined in Section 2.1.1. Two tube couplers were cast by pouring the PDMS into a mold and 

curing in the oven at 65°C for 15min (See Appendix A for tube couple geometry). Two pieces of 

silicone tubing (Silastic Laboratory Tubing, inner diameter 0.3 mm and outer diameter 0.64 mm) 

were cut to a length of 70 mm and the ends were inserted into tube couplers. The inside corners 

where the tubing and the couplers met was painted with a thin layer of PDMS using the tip of a 

pin, then cured in the oven at 65°C for 15min. A second layer of PDMS was painted on top of the 

first and cured in the oven again at 65°C for 15min. 

Step nine: The tube couplers were bonded to the Fe/PDMS membrane. The tube couplers were 

aligned with the center of the inlet and outlet. Light pressure was applied, securing the couplers to 

the Fe/PDMS membranes through stiction. The inside corners where the couplers and the 

Fe/PDMS membrane met were painted with a small amount of PDMS using the tip of a pin, then 

cured in the oven at 65°C for 15min. A second layer of PDMS was painted on top of the first and 

cured in the oven again at 65°C for 15min. The assembly was removed from the oven and the 

pump was released from the Petri dish by squaring it out with a scalpel and peeling it off with 

tweezers. 

4.3.5 Null Micropump Design 

A subset of the non-planar micropump design was made to see whether there was a difference in 

pump performance when the nozzle/diffusers were replaced with a straight section. The design 

and geometry of the pump were almost identical to the non-planar design presented in Section 

4.3.3 except for the nozzle/diffusers having been replaced with straight sections having a length 

of 1060µm and width of 180µm. The height of all features was 241µm, the same as the non-

planar micropump design.  
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To confirm that no flow was expected with the Null micropump design, the efficiency of the 

straight sections was determined. All normalized pressure loss coefficients were calculated using 

the previously mentioned theory (Section 4.2). The results of calculations are summarized in the 

following table. 

Table 7: Summary of Null micropump efficiency calculations. 

 
As expected from the theory, the efficiency of the Null micropump design is equal to 1.00, 

meaning that no net flow is expected. 

4.3.6 Null Micropump Fabrication 

The fabrication process for the Null micropump design was nearly identical to the fabrication 

process of the non-planar micropump design. The only difference existed in the fabrication of the 

mold and the casting of the pump body (Section 4.3.4 Steps 1 and 2)  

Step one: The mold for casting the pump body was milled with a Sherline Model 2010 (XYZ 

positional accuracy of 10µm and spindle speed of 6000rpm) using carbine miniature cuttings 

tools from Harvey Tools. The mold was modelled in Solid Edge ST6 and the tool paths were 

generated using Mastercam X5: Mill Level 3 CAD/CAM. The mold was milled into a block of 

acrylonitrile butadiene styrene (13.3mm thick, 76.8mm long, and 44.0mm wide). It was milled 

using the following steps: 

1. Surface high speed area clearance (1mm square end mill) to remove the bulk of the 

material from the mold cavity while leaving 100µm on walls and 50µm on floors. 

2. Standard pocket (1mm square end mill) to finish the surface of the mold cavity. 

3. Facing (0.254mm square end mill) to finish the top surface of the pump geometry. 

4. Contour (0.254mm square end mill) to finish the contour of the pump geometry inside of 

the mold cavity. This step separated into four individual steps in order to mitigate 

backlash (See Figure 26). 

Design	Name K d,i K d,div K d,o ξ d K n,i K n,conv K n,o ξ n η
Null 0.05 0 1 1.05 0.05 0 1 1.05 1.00
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After milling the mold was cleaned by vacuuming and brushing with a soft bristle brush, then 

gently rubbed with a lint free cloth to remove remaining burrs, rinsed with anhydrous ethanol, 

and dried using compressed air. 

A major problem experienced during milling with the Sherline Model 2010 was backlash on the 

X and Y axes due to slack in the lead screws of the axes. Backlash was measured to be 

approximately 60µm. Backlash on the Z axis was not a concern due to the direction of tool 

movement not changing in the Z axis. Backlash during the milling of the contour (Step 4) was 

mitigated by separating the milling procedure into 4 individual steps (Figure 26). The strategy 

was to keep the tool moving primarily in one direction in the X and Y axes; For example Step 4-I 

(purple in Figure 26) moved primarily in the positive X and positive Y direction, while Step 4-II 

(orange in Figure 26) moved primarily in the positive X and negative Y direction. Errors in the 

contour due to backlash could not be eliminated completely. With this strategy errors were 

vertically and horizontally symmetric.  

 

Figure 26: Microscope image of the Null Micropump mold with the individual contour 

milling steps pathways added. Start point – circle, end point – square, and arrows – 

direction of tool travel. Step 4-I - purple, Step 4-II - orange, Step 4-III - red, Step 4-IV - 

yellow. 

Step two: The pump body was cast. PDMS was prepared following the procedure outlines in 

Section 2.1.1. The pre-cured PDMS was poured into the mold until it reached a height of 0.5 mm, 

then cured by putting the mold in an oven preheated at 65°C for 15 min. The pump body was 
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released from the mold using tweezers and placed on a clean glass slide feature side up. A 

surgical scalpel was used to trim the edges of the pump body and remove uneven sections. 

All other fabrication steps were identical to the non-planar micropump fabrication, presented in 

Section 4.3.4. 

 Conclusion 4.4

The manufacturing processes used to produce the pump had a high rate of success. It was rare for 

problems to develop when production of the pump needed to be restarted. The most common 

problem was the over-curing of the membrane before the pump body was placed on top. Precise 

control of oven temperature and baking time is needed to prevent this. The second most common 

problem was that PDMS would sometimes leak into the nozzle/diffuser of planar micropump 

designs during tube bonding. This was mitigated by carefully controlling the amount of PDMS 

that was used to paint the inside surface of the doghouse structures. 

It is important to point out that the micropump designs were not produced at the same time. 

Designs were produced as pump performance experiments were conducted. For the purpose of 

this research, the pumps used during each pump performance experiment will be explicitly stated 

so as to avoid confusion. 
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Chapter 5 

Pump Performance 

 Introduction 5.1

Four different experiments were conducted in order to determine what parameters were needed in 

order for a nozzle/diffuser micropumps to work. Though not every experiment showed proof of 

consistent micropump performance (Sections 5.2, 5.3, and 5.4), incremental understanding was 

gained about the workings of nozzle/diffuser micropumps.  

 Manometer Experiment 5.2

5.2.1 Experimental Setup 

The preliminary work conducted by C. Allan and H. Sukardi showed promise in being able to 

determine the maximum back pressure of the pump. Their experimental design operated on the 

principal of a manometer, where the height difference between two columns is a direct result of 

the pressure difference. In this case, the pressure was not an atmospheric source and instead due 

to the pump.  

The planar OPT1 micropump was produced for the first pump performance experiment. The 

micropump was fabricated with a 50wt% large particle size Fe/PDMS membrane made with a 

thinning spin speed of 1000rpm. 120mm of tubing on both the inlet and outlet were used. The 

experimental setup is shown in Figure 27. 
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Figure 27: Experimental setup for manometer pump performance testing. 

The setup and mode of operation of the camshaft actuator has been previously described in 

Section 3.1.1. The pump was positioned on the pump holder so that magnets line up with the 

center of the pumping chamber with the inlet and outlet tubing pointing straight up. The pump 

and tubing were filled with a known volume of water using a syringe and syringe pump. The 

tubes were not filled completely so that the height of the water column in each tube could change. 

Dye was used to make it easier to see the column heights.  

Experiments were conducted to characterize the performance of a micropump by measuring the 

hydrostatic pressure difference between the inlet and outlet. The difference in fluid height 

between the outlet and inlet tubing is henceforth known as the height difference. The fluid height 

difference is positive when the height is greater in the outlet tubing, and negative when the height 

is greater in the inlet tubing.  
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The micropump and tubes would first be filled with water using a syringe. A height difference 

(typically 0mm) would be set and one of the tubes would be clamped with a pair of spring loaded 

tweezers to prevent the height difference from changing while the pump was being positioned in 

front of the actuator. Once positioned in front of the actuator, the servomotor would then be 

turned on and the tubing immediately unclamped. Actuation with the camshaft actuator would 

continue until the height difference due to pumping stabilized and did not change for 30sec. The 

height difference would finally be measured with the actuator still on.  

5.2.2 Measurement Method 

Trying to measure the fluid height difference with a ruler was found to be extremely inconsistent. 

Instead, the height difference was determined from pictures of the pump and tubing taken during 

the experiment. The procedure for measuring the height difference is as follows. 

Step one: A photo of the pump and tubing was taken with a camera clamped to the table in front 

of the mounted pump. 

Step two: The picture was imported into a digitization program (Plot Digitizer), calibrated to 

scale, and the height difference determined.  

For each measurement, three pictures would be taken in rapid succession and the measurements 

from each were averaged. The standard of deviation with this measurement method was 

calculated to be 0.25mm. This was averaged from 108 individual measurements taken during the 

course of experimentation with this setup.  

5.2.3 Preliminary Observations 

During preliminary experimentation the inlet and outlet tubing fluid heights were observed to 

decrease slowly over time. It was uncertain how water was being lost from the pump since no 

leaks were evident. An experiment was conducted where a single piece of tubing (Silastic 

Laboratory Tubing) with a length of 160mm was positioned on the pump holder in a U-shape. 

The tube was filled with water, and positioned in front of a camera clamped to the table. The ends 
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of each column were capped with 0.7µL of mineral oil to prevent the water from evaporating into 

the atmosphere. The heights of the columns (left and right column) were measured every 5min for 

1hour using the previously presented measurement method. 

It was found that the height of each column dropped significantly over 1hour. The column heights 

were found based on a linear fit of the data to decrease at a rate 0.2mm/min. This is equivalent to 

loss rate of 0.112µL/min. The amount of mineral oil in the tubing did not change. The results are 

shown in Figure 28. 

 

Figure 28: Results showing the change in fluid column heights in a U-shaped piece of tubing 

due to diffusion.  

Due to the fact that the water was not exposed to the atmosphere, it can be concluded that water is 

being lost due to diffusion through the material of the tubing. This conclusion is supported by 

previously published literature [34]. This is a problem that must be addressed in later 

experiments. 
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5.2.4 Verification Experiment 

The first experiment conducted was to see whether actuation had an effect on the fluid height 

difference. An initial fluid height difference of 30mm was set. The fluid height difference was 

first measured every 5min for 15min with the camshaft actuator off. The actuator was then turned 

on and the pump actuated at 8Hz. The fluid height difference was measured again every 5min for 

a further 15min. The results of the experiment are shown in Figure 29. 

 

Figure 29: The height difference between the outlet and inlet fluid column before and after 

pump actuation. Actuation began immediately after the measurement was taken at 15min. 

With the actuator off the height difference stayed nearly constant. This was attributed to capillary 

action due to the small diameter of the pump tubing. As soon as the actuator was turned on, it was 

observed that there was an immediate decrease in fluid height difference, dropping to 5mm in less 

than 1min. The fluid height difference stayed at 5mm for the rest of the duration of the 

experiment. The surface of the fluid in both columns was observed to oscillate in height (<1mm) 

with actuation. The height difference stayed at 5mm after the actuator was turned off. 
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5.2.5 Results and Discussion 

A number of experiments were conducted to characterize the maximum back pressure of the 

pump. While the verification experiment showed that actuation does affect the height difference, 

consistent results were never obtained. The following conditions were explored when trying to 

perform an experiment and achieve consistent results.  

• Initial height difference 

• Volume of fluid in pump and tubing 

• Distance between actuator and pump  

• Length of trial 

• Actuation frequency 

Experiments were repeated multiple times with different OPT1 micropumps. Results within every 

single experiment varied widely. An example of typical results is shown in Figure 30. 
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Figure 30: Example of typical results from back pressure testing. This experiment was 

conducted to see whether the volume of fluid in the pump and tubing affected the final 

height difference. An actuation frequency of 8Hz was used. The experiment was deemed to 

be inconclusive. 

In additional to the inconclusive results, the actuator was broken multiple times during testing. 

This was attributed to the shaft being too thin making it easy to bend and fracture during 

actuation. 

It was concluded that the experimental setup could not be used to measure the maximum back 

pressure of the micropump. The final height differences varied too greatly to be of any use. No 

variables tested were shown to affect the consistency of the final results from each experiment, 

always leading to inconclusive results. It was also uncertain whether the design of the micropump 

was causing the experiment to fail. It was decided to stop trying to use the camshaft actuator and 

associated experimental setup and instead determine the performance of a newly designed 

micropump with a simpler experiment.  
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 Mass Scale Experiment 5.3

5.3.1 Introduction 

The OPT2 and OPT3 planar micropumps were produced as replacements for the OPT1 

micropump. All pumps produced for the second attempt at determining the performance of a 

nozzle/diffuser micropump were made with small particle size 50wt% Fe/PDMS membranes spin 

coated with a 1000rpm thinning speed. Seventy millimetres of tubing on both the inlet and outlet 

were used. The diameters of the pumping chambers were increased to increase the membrane 

deformation during pump actuation. The height of the OPT2 micropump pumping chamber was 

decreased due to observations made during the Manometer Experiment suggesting that membrane 

deformation was significantly less than 1mm. The height of the OPT3 experiment was decreased 

further due to the maximum deformation of the OPT2 micropump being measured to be 210µm 

(Section 4.3.1). 

5.3.2 Experimental Setup 

A second attempt was made at characterizing the performance of two nozzle/diffuser micropumps 

by connecting each pump to two reservoirs and measuring the change in mass of the outlet 

reservoir with an Adam Equipment HCB123 scale (resolution of 0.001g). An image of the 

experimental setup is shown in Figure 31. 
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Figure 31: Image of the experimental setup for the second attempt at characterizing the 

performance of a planar micropump design. The waveform generator, power supply, and 

computer are not shown. 

The pump, tubing, pump holder, and inlet and outlet reservoirs were first filled with deionized 

water, with care being taken to ensure that all air bubbles were removed. The micropump was 

then submerged in pump holder, membrane side up and aligned with the solenoid. The pump was 

submerged in water to minimize the diffusion of water through the PDMS and tubing. The open 

ends of the inlet and outlet tubing were submerged in their respective reservoirs, which depended 

on which pumping direction was being tested. The height of the inlet reservoir was then adjusted 

so that there was no height difference between the inlet and outlet reservoir. A square wave signal 

(5𝑉!! , 2.5𝑉!" , 50% 𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒) from an Agilent 33220A waveform generator was supplied to 

the signal side of a CPC1709J solid-state relay. At the crest of each pulse, constant current of 

3.8A with a 6V limit was supplied from an Agilent E3631A power supply to the solenoid, 

actuating the pump. Changing the output of the waveform generator allowed for the actuation 

frequency and duty cycle to be controlled. 
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For the purpose of this and future experiments, the pumping direction described which reservoir 

the pump was expected to pump into. For all micropump designs presented, net flow was always 

expected to occur in the direction of nozzle/diffuser divergence. This means that when pumping 

in the positive direction the pump is setup so that the mass of the outlet reservoir is expected to 

increase and when pumping in the negative direction the mass of the outlet reservoir is expected 

to decrease. This would be accomplished by changing which reservoir the tubes are in. When the 

pump is setup to pump in the positive direction the pump tubes would be placed in their 

respective reservoirs (outlet tube in the outlet reservoir and inlet tube in the inlet reservoir). When 

the pump is setup to pump in the negative direction the pump tubes would be placed in the 

opposite reservoirs (outlet tube in the inlet reservoir and inlet tube in the output reservoir). 

Comparing the rate of mass change of the outlet reservoir when pumping in the positive and 

negative directions was used to validate the performance of micropump designs. It was expected 

that if the micropump designs worked, then the rate of outlet reservoir mass increase when 

pumping in the positive direction would have the same magnitude as the rate of reservoir mass 

decrease when pumping in the negative direction. 

In a typical experiment, the pump would first be setup to pump in the positive direction. The scale 

would be zeroed, the waveform generator would be activated, and the mass of the outlet reservoir 

would be recorded every minute for 10min. The pump would then be setup to pump in the 

negative direction. The scale would again be zeroed, the waveform generator would be activated, 

and the mass of the outlet reservoir recorded in the same manner.  

5.3.3 Results 

Trials with the OPT2 micropump were conducted with 0.5Hz and 2Hz actuation frequencies. 

Trials with the OPT3 micropump were conducted with actuation frequencies between 0.5-15Hz. 

It was assumed the mass of the outlet reservoir could change only due to evaporation (decrease in 
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mass), pumping (decrease or increase), and backflow (decrease or increase depending on the 

height difference between the reservoirs). 

The flow rate of the pumps was expected to be linear. Figure 32 shows an example of expected 

results. The flow rate of the pump when pumping in the positive direction was expected to be 

significantly greater than the evaporation and control (pump connected but not actuated) rates. 

Pumping in the negative direction was expected to result in a flow rate equal in magnitude but 

negative in direction to positive pumping direction. The evaporation and control rates were 

expected to be similar enough that they would not be able to be differentiated. 

 

Figure 32: Example of expected experimental results.  

Flow rates were calculated by taking the linear regression of the change in reservoir mass. The 

expected results were not seen during any of the experiments. Figure 33 shows typical 

experimental results.  



 

72 

 

 

Figure 33: Typical experimental results. 

In this example, the similarity in evaporation and control rates confirms that the reservoirs were at 

nearly the same height. Unfortunately, the flow rates (linear regressions line) in the negative and 

positive pumping directions are the same. Similar behavior was observed for all trials conducted 

with both the OPT2 and OPT3 micropump designs.  

Water dyed with food colouring was used to fill the pump and tubing during some of the trials 

with the OPT3 pump. During actuation the dyed water was seen to oscillate in the tubing with 

actuation and slowly flow towards one of the reservoir. The reservoir that the dyed water flowed 

to was not consistent with the pumping direction.  

It was concluded that the pumps were not pumping during the experiment, and that something not 

originally considered was causing the flow rates to decrease during actuation when compared to 

the evaporation and control rates. It is suspected that heat from the solenoid is causing both the 

outlet and inlet reservoirs to increase in temperature during the experiment, causing the rate of 

evaporation to increase. Further experiments are needed to confirm this suspicion.  
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The nozzle/diffuser theory suggests that micropumps designed should work, yet the experiments 

designed to support this are failing. In order to pinpoint why the pumps were not working, it was 

decided to develop an experiment accurate enough to see how the fluid is behaving during 

actuation.  

 Flow Rate Sensor Experiment 5.4

5.4.1 Introduction 

In the field of MEMS various sensors have been produced to accurately measure the behaviour of 

fluids. One such sensor is the thermal mass flow meter. The sensor works by using thermopiles to 

measure heat dissipation in fluid that has been heated by a small heater in a tube with a known 

diameter. The flow velocity and mass flow rate can be inferred from the temperature measured 

with the thermopiles. It was decided to design an experiment that would be able to show the flow 

behaviour of the micropumps. 

Non-planar Large Chamber and Null micropumps and planar OPT3 micropump were produced 

for the third pump performance experiment. The micropumps were fabricated with a 50wt% 

small particle size Fe/PDMS membrane made with a thinning spin speed of 1000rpm. Seventy 

millimetres of tubing on both the inlet and outlet were used.  

A SLG1430-150 Liquid Mass Flow Meter was available for use. The sensor had the capabilities to 

measure flow rates up to 7.0µL/min. Flow rates in both positive and negative directions could be 

measured with the sampling frequency selectable between the ranges of 1.56 - 200Hz. Lower 

frequency sampling rates resulted in higher resolution measurements (±1nL/min at 1.56Hz and 

±60nL/min at 200Hz). This sensor allowed for flow rate measurements orders of magnitude more 

accurate than possible with the Mass Scale and Manometer experiments.  

In order to be able to see the real-time performance of the micropumps, a sampling frequency of 

200Hz would be needed. Assuming that at least 10 measurements are needed per pump actuation 

period, this would allow for the greatest range for performing experiments with different pump 
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actuation frequencies. Due to the resolution of the measurements decreasing as the measurement 

frequency increases, experiments needed to be conducted to first ensure that the sensor was able 

to measure low flow rates at high measurement frequencies.  

5.4.2 Experimental Setup and Results for Sensor Validation 

Validation experiments were conducted to show that low flow rates could be measured while the 

sampling frequency was high. A 0.5mL syringe was filled with water and loaded into a calibrated 

syringe pump. Tygon tubing (0.8mm internal diameter and 2.4mm external diameter) was used to 

connect the syringe to the flow rate sensor. The tubing was found to fit inside the inlet/outlet of 

the sensor tightly enough to produce a watertight interface. The outlet of the sensor was attached 

to another short length of Tygon tubing and submerged in a reservoir. A Python script was written 

for serial communication with the flow rate sensor. The script was used to control the flow rate 

sensor and save sensor outputs. The experimental setup is shown in Figure 34.  

 

Figure 34: Experimental setup for sensor validation experiment. 

In a typical experiment, the syringe pump would first be set to the target flow rate and the sensor 

would be set to sample at 200Hz. Then the syringe pump would be turned on and the sensor 
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output recorded. The syringe would run for 2min and then be turned off. The output would be 

collected for a further 1min. 

Large and small flow rates in both the positive and negative direction were tested for validating 

the sensor. Large flow rates were between the ranges of ±6000nL/min at 1000nL/min increments. 

Small flow rates were between the ranges of ±900nL/min at 100nL/min increments. The syringe 

pump could only expel water from the syringe, meaning that the inlet and outlet of the syringe 

pump needed to be flipped for negative flow rates to be measured. 

It was found that the syringe pump did not output at a constant flow rate. Further investigation 

showed that the syringe pump was in essence a linear actuator controlled by a stepper motor. The 

flow rate sensor was able to detect each stepper motor “step”, resulting in a fluctuating flow rate. 

As well, there was an initial lag before the flow rate fluctuations stabilized. In order to solve both 

these problems, the measured flow rate was the average from 1 – 2min. Both large and small flow 

rates were measured accurately using this strategy. The results of the experiment are shown in 

Figure 35 and Figure 36. 
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Figure 35: Results of sensor validation experiment for large flow rates. 

 

Figure 36: Results of sensor validation experiment for small flow rates. 
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5.4.3 Experimental Setup and Results of Determining Sensor Measurement Limit 

A second validation experiment was conducted in order to determine the minimum flow rate that 

could accurately be measured with the flow rate sensor. The strategy from the first validation 

experiment (comparing measured to target flow rate) could not be used because an accurate flow 

rate source less than 100nL/min was not available. Instead, an indirect method was used for 

determining the sensor resolution limit. When two reservoirs at different heights are connected 

with a tube, fluid will flow from the higher reservoir to the lower through the tube. The flow rate 

is related through Bernoulli’s equation to the height difference between the two reservoir surface 

heights. This can be taken advantage of to create extremely low flow rates (<10nL/min).  

An experiment was conducted where the flow rate between two reservoirs at different heights was 

measured using the mass flow rate sensor. The experimental setup shown in Figure 31 was 

reused. The pump, actuator and solid-state relay were removed from the experimental setup. Two 

pieces of Tygon tubing were inserted into the inlet and outlet of the sensor. The tubing and sensor 

were filled with water using a syringe and the free ends were submerged in their respective 

reservoirs. The sensor was positioned so that positive flow would fill the outlet reservoir. 

For the purpose of this experiment, it was assumed that a single drop of water from a syringe with 

a 28 gauge needle into one of the reservoirs would cause the height of that reservoir to increase, 

changing the flow rate being measured by the sensor. An estimate of the resolution of the sensor 

could be determined by analyzing how closely the data fits to the linear regression of the output 

from multiple trials.  

Before the experiment was conducted, the scissor lift was used to set the reservoir heights to the 

same level. The flow rate was then measured using the sensor. The initial flow rate was 

considered to be 0nL/min. In a typical experiment, the sensor would first be set to sample at 

200Hz. Then a single drop would be added to the inlet reservoir and the output of the sensor 

would be recorded for 30sec. The next drop would be added to the reservoir and the experiment 

repeated. For negative flow rates, the reservoir heights would first be equalized again, the initial 
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flow rate recorded, and the experiment repeated with drops being added to the outlet reservoir 

instead.  

It took approximately 5sec for the flow rate to stabilize after each drop of water was added. The 

measured flow rate was the average from 10-30sec. The results of the positive and negative flow 

rate experiments were combined and are shown in Figure 37. 

 

Figure 37: Results of experiment validating the sensor for extremely low flow rates. Positive 

drops were added to the inlet reservoir and negative drops were added to the outlet 

reservoir.  

It was found that there was almost no deviation between the measured values and the linear fit 

applied. The slope of the fit was calculated to be 0.42nL/min. It was concluded that even though 

the flow rate sensor specification stated that the resolution of measurements was 60nL/min at 

200Hz sampling frequency, measurements with a resolution of 0.5nL/min could be made if the 

average of the measurements was taken. 
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5.4.4 Experimental Setup Pump Performance 

The performance of OPT3, Large Chamber, and Null micropump designs were characterized by 

measuring their flow behavior using a SLG1430-150 Liquid Mass Flow Meter. The performances 

of the three designs were characterized over a range of actuation frequencies and actuation duty 

cycles to see how the flow behavior changes. A computer-controlled system was created for 

automating the testing.  

A square wave signal (5𝑉!! , 2.5𝑉!") from an Agilent 33220A waveform generator was supplied 

to the signal side of a CPC1709J solid-state relay. At the crest of each pulse, constant current of 

3.8A with a 6V limit was supplied from an Agilent E3631A power supply to the solenoid. 

Varying the waveform generator output signal controlled the actuation frequency and duty cycle. 

For safety reasons, an Arduino and 10K thermistor were used to monitor the temperature of the 

solenoid. The experimental setup is shown in Figure 38. 
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Figure 38: Image of experimental setup. The waveform generator, power supply, and 

computer are not shown.  

A Python script was used for controlling the experiment and displaying the real-time flow rate. 

Each pump was tested by setting the actuation duty cycle at the beginning of the trial and 

sweeping through the actuation frequencies. The program structure is shown in Figure 39. 
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Figure 39: Flow structure of experiment control program. 

To setup an experiment, a pump would first have 10mm of Tygon tubing fitted to the ends of the 

inlet and outlet silicone tubing. The fit between both sections of tubing was small enough to 

create a watertight seal at the interface. The pump would then be connected to the flow rate 

sensor, flushed with water ensuring that no air bubbles were trapped, and positioned with the 

pumping chamber aligned with the center of the solenoid. The outlet of the sensor and inlet of the 

pump would be submerged in their respective reservoirs. Using the scissor lift the inlet reservoir 

would be brought to the same height as the outlet reservoir. Measurements with the flow rate 

sensor would be used to confirm that there was no height difference between the two reservoirs. 

In a typical experiment a control trial would be conducted first. The experiment would begin by 

first measuring the flow rate for 3min without the pump being actuated. 

After the control trial had been completed, a command would be sent by the computer to the 

waveform generator to begin an active trial. The flow rate would be measured for a total of 3min, 

with actuation occurring for the first 2min. The actuation frequency would then be incremented, 

and the next active trial would be conducted. The number of active trials that could be run 

successively was based of the how quickly the solenoid temperature rose during testing. The rate 
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of heating of the solenoid is related to the actuation duty cycle (Section 3.3.6). Higher duty cycles 

required fewer active cycles to be run successively or there is the risk of the solenoid overheating. 

The number of successive active trial that could be run was determined during preliminary 

testing. Five active trials at most would be run successively.  

A rest period would be used to allow the solenoid to return back to a safe temperature (room 

temperature). The pump would not be actuated and no measurements would be collected. The 

length of the rest period varied depending on which duty cycle was being tested. The longest rest 

period used was 30min.  

5.4.5 Results and Discussion 

Experiments were conducted with the OPT3 and Large Chamber micropumps at actuation 

frequencies between 0.5-10.0Hz at 0.5Hz intervals and actuation duty cycles between 12.5-87.5% 

at 12.5% intervals. Experiments were conducted with the Null micropump at actuation 

frequencies between 0.5-10.0Hz at 0.5Hz interval and actuation duty cycles of 12.5%, 50.0%, and 

87.5%. Pumps with membranes of varying thicknesses and iron mass percentages were tested. 

Detailed results are presented for pumps made with small particle size 50wt% Fe/PDMS 

membranes spin coated with a 1000rpm thinning spin speed. All pumps were produced with 

70mm of tubing at the inlet and outlet. A measurement-sampling rate of 200Hz was used for all 

experiments. 

A problem was found early on during experimentation. Bubbles would form inside of the pumps 

and tubing. This was detected because the significantly lower than normal flow rates were 

measured when bubbles obstructed the tubing, nozzle/diffusers, or sensor. It was found that filling 

the pump with water and degassing it in a vacuum chamber would prevent bubbles from forming 

during the experiments (up to 6hours). 

The experiment was able to clearly show the real-time flow rates of the pumps. Two examples of 

the OPT3 micropump real-time flow rates are shown in Figure 40 and Figure 41. 



 

83 

 

 

Figure 40: Example of real time flow rates of the OPT3 micropump during tests with an 

actuation frequency of 0.5Hz and actuation duty cycle of 25%. 

 

Figure 41: Example of real time flow rates of the OPT3 micropump during tests with an 

actuation frequency of 0.5Hz and actuation duty cycle of 75%. 
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In both examples, actuation causes the flow rate to be positive as water is expelled from the pump 

and membrane relaxation causes the flow rate to be negative as water is brought back into the 

pump (pump and supply modes in Figure 1). It is evident that the percent of each period that is 

spent in pump mode is equivalent to the actuation duty cycle, confirming that the membrane 

deforms at the intended frequency and duty cycle. For both the OPT3 and Large Chamber 

micropumps, the peak positive real-time flow rate decreases and the peak negative flow rate 

increases (in the negative direction) as the actuation duty cycle increases. 

The real-time flow velocities at the throats of the outlet nozzle/diffusers were calculated using the 

real-time flow rate results. Two examples of the OPT3 micropump real-time flow velocity are 

shown in Figure 42 and Figure 43. It was calculated using the cross-section at the throat of the 

nozzle/diffuser (𝑊! in Figure 2 and dimensions in Table 5). 

 

Figure 42: Example of real time flow velocities of the OPT3 micropump during tests with an 

actuation frequency of 0.5Hz and actuation duty cycle 25%. 
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Figure 43: Example of real time flow velocities of the OPT3 micropump during tests with an 

actuation frequency of 0.5Hz and actuation duty cycle 75%. 

The real-time flow velocities are relatively low for both micropumps at all actuation frequencies 

and duty cycles. Since the flow velocities are calculated from the flow rates, the same trends 

apply.  

The net flow rates at each actuation frequency and duty cycle were calculated by taking the 

average of the real-time flow rate from 60-120s. The results of the frequency and duty cycle 

sweep for the OPT3 and Large Chamber micropumps are shown in Figure 44 and Figure 45 

respectively. 
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Figure 44: OPT3 micropump performance for various actuation duty cycles. 

 

Figure 45: Large Chamber micropump performance for various actuation duty cycles. 

The average flow rate of the pumps (average from 30 – 120sec) were measured to be positive for 

duty cycles less than 50% and negative for duty cycles greater than 50%. Only low flow rates 
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(<5nL/min) were measured at 50% actuation duty cycle. For all micropump designs tested, peak 

positive and negative flow rates occurred when actuation duty cycles of 25% and 75% were used 

respectively. The peak actuation frequency for the Large Chamber micropump was lower than 

the OPT3 micropump at all actuation duty cycles. The average flow rates are also significantly 

lower than the instantaneous flow rates measured (Figure 40 and Figure 41). This suggests that 

the efficiency of the nozzle/diffusers is significantly lower than expected.  

In order to verify that flow was being produced due to the nozzle/diffusers of the pump, the 

performance of the Large Chamber and Null micropumps were compared. The Null micropump 

design has straight sections instead of nozzle/diffusers meaning that a net flow rate of 0nL/min 

should be calculated at all actuation frequencies and duty cycles. The results of the comparison 

are shown in Figure 46. 

 

Figure 46: Comparison Large Chamber and Null micropump performances.  

It was found that the flow rate of the Null micropump design at all actuation frequencies and 

actuation duty cycles were nearly identical to the flow rate of the Large Chamber micropump 

design. It was concluded that the nozzle/diffuser are not causing the net flow being calculated. It 
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is likely that the net flow rates calculated for the OPT3 micropump are also not because of the 

nozzle/diffusers. The cause of the measured flow was not determined. The nozzle/diffusers are 

not operating as expected. The results of this and previous experiments suggest that there is a 

fundamental problem with the design of the micropumps presented up to this point.  

 Second Mass Scale Experiment 5.5

5.5.1 Introduction 

As mentioned in Section 4.2, Stemme and Stemme point out that the performance of diffusers 

have been characterized only with relatively high fluid velocities [3], not low velocities as seen in 

the previous experiments with pumps made with Fe/PDMS membranes (See Figure 42). Since the 

calculations (See Table 4 and Table 5) suggests that the nozzle/diffuser designs should work, it 

was thought that the deformation of the membranes may not be great enough to cause a high 

enough flow velocity through the nozzle/diffuser for net flow to develop. This meant that the 

membrane used for actuation would need to be redesigned.  

Following the general manufacturing procedures previously presented in Section 4.3.2, various 

OPT3 micropumps with different actuation membranes were produced and qualitatively tested 

until a number of working designs were finally found. Combing the experimental setups from 

Sections 5.3 and 5.4 allowed for the performance of the working pumps to be characterized.  

5.5.2 Experimental Setup 

The performance of the pump was characterized by connecting it to two reservoirs and 

monitoring the changes in mass of the outlet reservoir using an Adam Equipment HCB123 scale, 

previously discussed in Section 5.3. While the flow rate sensor discussed in Section 5.4 allowed 

for more precision when measuring flow rate, it could only measure up to a maximum of 

7µL/min. Preliminary observations suggested that the flow rate would be significantly greater 

than that. A computer-controlled system (see Figure 47) was created to automate testing.  
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Figure 47: Image of second mass scale experimental setup.  

A square wave signal (5𝑉!! , 2.5𝑉!") from an Agilent 33220A waveform generator was supplied 

to the signal side of a CPC1709J solid-state relay. At the crest of each pulse, a constant 3.8A of 

current with a 6V limit was supplied from an Agilent E3631A power supply to the solenoid. The 

solenoid reached a safe maximum steady state temperature of 45°C. A python script was written 

for communications between the computer, waveform generator, and mass scale. 

In a typical experiment, the pump, tubing, and inlet and outlet reservoirs were first filled with 

deionized water, with care being taken to ensure that all air bubbles were removed since they 

were found to negatively affect the performance of the pump. The pump was then placed on the 

core of the solenoid, membrane side up. The open ends of the inlet and outlet tubing were 

submerged in their respective reservoirs. An object used for actuation was placed on the pump 

membrane in the center of the pumping chamber. The height of the inlet reservoir was adjusted to 

the desired value. Finally, the python script controlling the experiment was executed.  

The script first sent commands to tare the scale, record the initial mass, and activate the waveform 

generator. Then it recorded the mass of the outlet reservoir every 5s for 5min. Finally, the 
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waveform generator was deactivated and the recorded values were saved to a file for later 

analysis. 

OPT3 pumps with membrane thicknesses varying from 60 to 570µm were produced and tested. 

Various small actuators including nuts, screws, Fe/PDMS composite membranes, ball bearings, 

and Nd2Fe14B rare-earth magnets were experimented with. These objects were chosen because 

they were sufficiently small enough for use with the micropump design, commonly found, and 

easy to replace if lost. For the purpose of a proof of concept, detailed results are presented for an 

OPT3 pump fabricated following the procedure discussed in Section 4.3.2, a PDMS membrane 

with a thickness of 240µm, and a 4-40 low strength steel nut used for the actuation. Ten 

millimetres of tubing were bonded to the inlet and outlet of the pump body. Tygon tubing 

(Internal diameter of 0.8mm and external diameter of 2.4mm) was used to extend the length of 

the inlet and outlet tubing to usable lengths. The fit between both sections of tubing was small 

enough to create a watertight seal at the interface. 

5.5.3 Results and Discussion 

5.5.3.1 Critical Observations 

Two valuable pieces of information were determined from preliminary experiments. First, the 

Fe/PDMS membranes previously used did not deform enough for net flow to develop. Large 

enough deformation was only possible by using large solid metal and magnetic actuators placed 

on top of the actuating membrane. A critical amount of deformation was needed before net flow 

developed. This could not be measured with the actuators used because they were not 

permanently attached to the membrane, resulting in some variance on how they were placed. 

Second, the diameter of the inlet and outlet tubing strongly influenced how well pumps would 

work. The pressure loss in a tube is related to its diameter and length according to Poiseuille’s 

law [35] 
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∆𝑃 =

128𝜇!𝐿′𝑄
𝜋𝐷!

 	 (5-1)	

Where ∆𝑃 is the pressure loss along the length of the tube, 𝜇! is the dynamic viscosity of the 

fluid, 𝐿′ is the length of the tube, 𝑄 is the flow rate of the fluid, and 𝐷 is the diameter of the tube. 

Using a small diameter or long lengths of tubing caused a significant increase in pressure loss 

along the tubes, decreasing the flow rates of the pumps. Using a larger tube for the inlet and outlet 

keeps the pressure drop low and allows for a greater flow rate. Tygon tubing was used for the 

pump presented in detail for this reason, but if a pump with shorter tubing was needed (such as 

for implantation in the eye) then smaller diameter tubing could be used. 

5.5.3.2 Mass Measurements 

Three trials were conducted with an actuation frequency of 8Hz and a reservoir height difference 

of 0mm to validate the experimental setup (see Figure 47). In the first trial (control) the pump was 

set up but power was not supplied to the solenoid. In the second trial (no bubbles) the pump was 

set up and power was supplied, but no bubbles were observed throughout the trial. In the final 

trial (bubbles) the pump was set up and power was supplied, but bubbles were observed to form 

during the trial. 
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Figure 48: Mass measurements of the outlet reservoir for three different tests with a 

reservoir height difference of 0mm and an actuation frequency of 8Hz. 

In the first trial (control), the mass in the outlet reservoir slowly drifted down to a final value of 

0.025g (25µL). This is attributed to water evaporation from the outlet reservoir because it was in 

close approximation to the evaporation rate measured earlier in Section 5.3.3.  

In the second trial (no bubbles), the mass increased linearly to a final value of 0.370g (370µL). 

Some small bubbles were observed, but they did not influence the performance of the pump. 

Comparing the curves from the control and no bubbles trials, it can be concluded that the drift 

from evaporation is negligible. 

In the third trial (no bubbles), the mass increased linearly during the first 3min. After this point 

the mass of the outlet reservoir stopped increasing as quickly and large air bubbles were observed 

in the pumping chamber, tubing, and nozzle/diffusers. These observations suggest that the 

bubbles prevent fluid movement in the micropump. To prevent the formation of bubbles, the 

pump was degassed for 45min in a vacuum chamber before testing. Degassing the pump was 

shown to mitigate the formation of bubbles and provide consistent pump performance (a linear 

curve) for trials run for up to 1 hour. Bubbles still did form during the occasional trial, which 
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would result in the trial being rejected. The pump would be flushed with water and degassed 

again before further testing. 

5.5.3.3 Frequency Analysis 

For actuation frequencies close to the natural frequency of the pump it is expected that the 

membrane will vibrate at larger amplitudes, resulting in higher flow rates [5]. To verify this, the 

pump was tested at actuation frequencies ranging from 4 – 17Hz at 1Hz increments with a 

reservoir height difference of 0mm (see Figure 49). All trials were run consecutively and no 

changes were made to the experimental setup between trials. Flow rates were calculated from the 

slope of the linear regressions applied to the mass change profile (see Figure 48). 

 

Figure 49: Flow measurements at different frequencies with an reservoir height difference 

of 0mm. 

The flow profile shows that the peak performance of the pump is 135.0µL/min at 12Hz. There are 

some deviations from the overall skewed bell-shaped trend at 5Hz and 14Hz. The deviations were 

attributed to small bubbles that were observed to form and move around the pump during testing. 
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5.5.3.4 Back Pressure Analysis 

The relationship between flow rate and back pressure was determined by conducting trials with 

varying reservoir height differences (see Figure 50). All trials were run consecutively and the 

position of the nut was not changed. An actuation frequency of 12Hz was used. As shown in 

literature [5], the flow rate decreased linearly as the reservoir height difference increased. A 

maximum back pressure of 25mmH2O and a peak flow rate of 121.2µL/min were obtained. The 

peak flow rate is lower than that in Figure 49. This is attributable to a change in the position of 

the actuator. 

 

Figure 50: Flow measurements at different back pressures with an actuation frequency of 

12Hz. 

5.5.3.5 Design Parameter Exploration 

A brief study on key design parameters such as membrane thickness, actuator type, and duty 

cycle was performed for future design considerations (see Table 8). The results are for design 

parameter comparison purposes only, and do not provide an absolute measure of the pump 

performance since the flow rate varies significantly depending on the location of the actuator. 
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Table 8: Study on design parameters with a reservoir height difference of 0mm. For the 

actuator tests 95% confidence intervals are shown (sample size of 3). 

 

Three actuators were tested: a 4-40 nut (52.14mm3 and made from steel), a ball bearing (33.5mm3 

and made from steel), and a rare-earth magnet (11.6mm3 and made from Nd2Fe14B). Actuators 

that were more strongly attracted to the solenoid produced higher flow rates. For instance, the nut 

has two times the volume of the ball bearing produced double the flow rate. The rare-earth 

magnet has 1/3 of the volume of the ball bearing but produced nearly the same flow rate. This 

shows that a valid strategy for decreasing the size of the actuator would be to use a magnetic 

material instead of a ferromagnetic material for the actuator, since the force of attraction will be 

greater. 

Four membrane thicknesses were tested. In general, thicker membranes produced larger flow 

rates than thinner membranes. The actuator was large and visibly moved all the membranes 

regardless of their thickness down to the bottom of the pumping chamber. As shown in the 

theory, thicker membranes are stiffer and therefore spring back further during supply mode. This 

means the stroke volume is greater, leading to higher flow rates. It was also found that thin 

membranes, especially those with thicknesses below 120µm, are susceptible to sticking to the 

bottom of the pumping chamber. 

Parameter
Actuation	

frequency	(Hz)
Actuator

Membrane	
thickness	(µm)

Actuation	duty	
cycle	(%)

Flow	rate	
(µl/min)

Nut 104.7	±	14.7

Bearing 61.2	±	6.0

Magnet 62.5	±	6.3

570 97.1
240 82.8
210 89.3
180 76

25 90.4
50 119.6
75 93.2

25

Duty	cycle 12 Nut 240

Actuator 12 240

Membrane	thickness 8 Nut

25
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Three actuation duty cycles were tested. The 25% and 75% duty cycles produced comparable 

flow rates, while the 50% duty cycle produced a significantly higher flow rate. This is thought to 

be due to the variation of the stroke volume with duty cycle. At 50 % duty cycle the membrane 

can be fully pulled down during the pump mode and completely released during the supply mode, 

while at 25% the pump mode is shortened and at 75% the supply mode is shortened. One 

drawback to using a higher duty cycle is that the solenoid heats up to a higher temperature and 

needs to be cooled occasionally.  
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Chapter 6 

Conclusion 

 Overview 6.1

This research presents the design, development, and characterization of PDMS and Fe/PDMS 

membranes, a solenoid actuator, and nozzle/diffuser micropumps for use in the treatment of 

glaucoma. 

Membranes of different compositions and thicknesses were made and tested. Spin coating was 

used to make membranes with predictable thicknesses and material properties. Thick membranes 

were made by spin coating multiple layers of PDMS on top of previously cured PDMS. For the 

first micropump designs it was decided to try and use a Fe/PDMS membrane (50wt% and 

thinning spin speed of 1000rpm) for actuation. 

A wireless driving method was needed since the micropump was being developed for treating 

glaucoma. An electromagnetic actuator was designed for this purpose. Two 45m long layers of 

22AWG magnet wire were wound around a 9.525mm diameter magnetic core to make a solenoid. 

A parallel winding design was used due to constraints associated with the available power supply. 

The relationship between driving current and heating rate was determined. It was decided that 

driving the solenoid with 3.8A of current would result in it being as strong as possible without 

risk of overheating.  

A number of micropump designs were made. Planar designs were made using a casting procedure 

with molds that had been milled. Milling the molds allowed for non-planar features to be included 

in the pump designs but prevented sharp corners from being incorporated into the design of the 

nozzle/diffusers. Structures were included to allow the inlet and outlet tubing to attach 

horizontally with the design. This resulted in pumps with a total thickness of approximately 1mm. 

Non-planar designs were made with a casting process as well, but the mold was made with SU-8 
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photolithography. Photolithography allowed sharp corners to be included in the nozzle/diffusers, 

but a non-planar tube attachment method needed to be used. PDMS components and tubing were 

bonded to each other using a novel partial curing method. 

A number of experiments were conducted in the attempt of showing consistent micropump 

performance. During the course of those experiments it was determined that water was diffusing 

through the material of the inlet and outlet tubes of the micropump designs at a rate of 

0.112µL/min. While the Fe/PDMS membranes used in the original planar and non-planar 

micropump designs deformed enough to cause fluid movement in the pump, it was not sufficient 

for a net flow to develop. This was determined by attempting to measure the performance of 

planar and non-planar micropump designs by first pumping into a reservoir placed on a mass 

scale and measuring the change in reservoir weight. Since conclusive results were not obtained, a 

second attempt at determining the performance was made by measuring the flow rate using a flow 

rate sensor. Instantaneous flow rates during supply and pump mode were observed but net flow 

rates were not measured. 

Experimenting with different methods of membrane deformation allowed for a proof of concept 

of a planar nozzle/diffuser micropump to be developed and shown. It was found that the best 

pump performance occurred when the pump was driven with a 4-40 low strength steel nut on a 

PDMS membrane. The deformation of the membrane was significantly larger than what was 

possible with the Fe/PDMS membranes and solenoid actuator. The micropump produced a 

maximum flow rate of 135.0µL/min and maximum back pressure of 25mmH2O at an actuation 

frequency of 12Hz and a duty cycle of 25%. Experimentation with design parameters suggest that 

a magnetic material would allow for a smaller actuator to be used and that an actuation duty cycle 

of 50% would result in a greater peak flow rate and back pressure. The flow rate of the planar 

nozzle/diffuser micropump proof of concept is significantly greater than the flow rate of aqueous 

humor (2.8 ± 0.80µL/min), meaning that a sufficient flow rate has been produced. 
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 Future Work 6.2

Further experimentation is needed before the micropump is ready for application testing. The 

membrane loading needed for net flow to develop should be determined. This information could 

be used to determine how much iron is needed in a Fe/PDMS membrane for making a working 

micropump design. Modifications to the micropump design should be made to make it more 

appropriate for use in treating glaucoma. The general design of the micropump can be greatly 

improved on if the size of the membrane actuator is reduced, the force of actuation is increased, 

the membrane actuator is integrated into the membrane, and the membrane thickness is 

optimized. It would not be a serious problem if these changes decreased the peak flow rate of the 

micropump design since it is currently significantly greater than the average rate of aqueous 

humor production. Lastly, it would be interesting to see how well the micropump, with the major 

components made from flexible PDMS, would pump when laid against an object that is not flat.  

 Applications 6.3

Examples of other applications of the presented micropump design include treating other medical 

conditions (wounds which need to be constantly drained), drug delivery (insulin for diabetes, 

nitroglycerine for angina, antibiotics for an infection), chemical and biological sensing (fluid 

control and mixing), and implantable lab-on-chip devices (fluid control, mixing, device control). 

Situations also exist where the space for a pump is limited. The presented micropump would also 

be useful for situations where space for a pump is limited or for when fluids with particulates, 

such as cells, need to be pumped.  

The use of doghouse structures developed for the planar micropump designs can be incorporated 

in other MEMS PDMS devices that are made through casting. Examples of this are applications 

where the devices need to be laid against something or there are limitations in the available space. 

The bonding method presented can also be easily implemented in general PDMS fabrication 

processes. The method prevents the need to use oxygen plasma or adhesives when bonding 
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PDMS components to other PDMS components. PDMS also cures slowly at room temperature, 

meaning that the bonding process can be modified for fabricating devices that are sensitive to 

high temperatures.  
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Appendix A 

Tube Coupler Geometry 

The tube couplers were sized to fit snuggly onto the end of the Silastic Laboratory Tubing (outer 

diameter 0.64 mm). The tube couplers were cast from a mold milled into a piece of PMMA with a 

Sherline Model 2010 (XYZ positional accuracy of 10µm and spindle speed of 6000rpm). A 

0.381mm diameter carbine miniature cutting tool from Harvey Tools was used to mill the mold. 

A 10° sidewall taper and tab were added to aid in removal of the tube coupler from the mold. The 

geometry of the tube coupler is shown in Figure 51. 

 

Figure 51: Geometry of tube couplers. 


