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ABSTRACT 
Ultrasonic bonding is currently used to produce membrane-electrode assemblies 

(MEAs) of active area 45 cm2. It is desired to make MEAs in sizes suited to CHP 

systems and therefore scaling of the process is required. 

Currently, the ultrasonic bonding process is not well understood. It is desired to 

model the process so that the temperature profile during the bonding process 

can be predicted, allowing the prediction of bond formation. To achieve this, it is 

necessary to characterize the viscoelastic properties of the MEA in terms of the 

response to a force input. Modeling the bonding process allows confirmation of 

the response of a given set of parameters and allows the reduction in the 

number of tests performed to optimize the parameters for bonding. 

In order to produce the larger MEAs necessary to determine the effectiveness of 

the bonding process, the larger tooling necessary to produce 140 cm2 MEAs was 

designed and built. After production of the larger MEAs, each MEA was tested 

using the standard BASF test procedure. The pol curves produced by the 

ultrasonically bonded and thermally bonded MEAs were compared to the 

specification given by BASF. The voltage performance of the ultrasonically 

bonded MEAs was found to match that of the thermally bonded MEAs. However, 

neither set of pol curves matched the specification provided by BASF, indicating 

poor hardware performance. 

The model was developed by studying the viscoelastic behavior of the MEA 

components under compression, using this to create the model that best 

matched the behavior. Next, the actual compression and damping properties 

were measured and used to complete the model. Additionally, the forced 

oscillation output from the welder was modeled and used as the input to the 

viscoelastic model. Principles of vibration modeling were used to determine the 

material response when set into forced oscillation. The model was shown to be 
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inconclusive in that it did not give the expected type of output but appears to 

characterize the behavior of the system. 

It can be concluded that the ultrasonic bonding process produces MEAs with 

polarization curves comparable to those produced by thermally pressing. The 

low voltage seen in both sets of pol curves is theorized to be a result of poor 

hardware or process design. The vibrational model indicates the difficulty with 

modeling a complex system, and the results were inconclusive. 



 
 

1. INTRODUCTION 

1.1 Background in PEM fuel cells 

1.1.1 Operation Basics 

Polymer Electrolyte Membrane (PEM) fuel cells can provide consistent levels of 

electricity and useable waste heat as long as a constant supply of reactant gases 

is available. Two reactant gases, hydrogen and oxygen, are required to run the 

electrochemical reaction within a ‘cell,’ which creates the electricity and heat.  

The hydrogen, which may be derived from other fuels by reforming, enters the 

cell on the anode side and is distributed uniformly over an ‘active area’ by using 

a specially designed flow field consisting of flow channels.  Then oxygen enters 

the cathode side of the cell and is distributed using a similar flow field plate 

(Jacobson, 2006). 

Each side of the cell has a Gas Diffusion Layer (GDL), typically carbon cloth or 

paper due its inherent porosity (for gas flow) and electrical conductivity, coated 

with a catalyst that contacts the membrane and one flow field plate.  Because 

the GDL, membrane, and catalyst be present for the reaction to occur, all three 

must be kept in contact (O'Hayre, Cha, Colella, & Prinz, 2006), which is referred 

to as the triple-phase boundary. The unitized component – consisting of (in order 

of stacking) a GDL, catalyst layer, membrane, catalyst layer, and finally GDL, all 

bonded together by thermal pressing – is referred to as a Membrane Electrode 

Assembly or MEA. 

The anode catalyst separates protons from electrons, and the cathode catalyst 

assists in joining the protons to the oxygen molecules to form water, as shown 

schematically in Figure 1. The GDL is used to distribute the gases evenly 

throughout the active area.  Electrons cannot cross the membrane, which 

creates a potential difference across the cell and the ability to do useful electrical 

work.  The overall chemical reaction for the cell is 
 

 
   

 

 
       (Jacobson, 

2006). This represents the stoichiometric ratio of reactants used. The overall 
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reaction is composed of two half reactions occurring sequentially to give the 

overall products. The first is the anode half reaction splitting the hydrogen 

molecules (O'Hayre, Cha, Colella, & Prinz, 2006). 

            (1)  

This half reaction produces both the protons and electrons involved in the 

overall reaction. Because the membrane is acidic, the protons are capable of 

crossing the membrane, while the electrons are not. The potential difference 

created causes current to flow.  The second half reaction takes place on the 

cathode side. 

  

 
               (2)  

The oxygen molecules are combined with the incoming protons and electrons to 

make water. Because the reaction is exothermic, heat is produced in addition to 

the water and current.  
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Figure 1: Exploded View of PEM Fuel Cell (Jacobson, 2006). 

1.1.2 Low and High Temperature PEM Fuel Cells 

PEM fuel cells can be classified into either low or high temperature operation. 

Low temperature fuel cells contain a sulfonic acid-based membrane, such as 

Nafion made by Dupont, and typically operate at around 80°C (US 

Department of Energy, 2011).  Operating below 100° C means that the water 

produced by the reaction exits as a liquid, and so the cell and support systems 

must be designed to prevent water from accumulating. The low temperature 

also makes the cells sensitive to CO poisoning (US Department of Energy, 2011).  

An example of low-temperature cell hardware and MEA is shown in Figure 2. 
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Figure 2: Low Temperature MEA and Test Hardware. 

High temperature PEM fuel cells, such as those with a polybenzimidazole (PBI) 

based membrane, typically operate at 120-180° C. The PBI membrane, which is 

used for this thesis work, is a sol-gel composed of a solid PBI phase with a liquid 

phosphoric acid phase.  An example of a high temperature MEA and single cell 

test hardware and schematic of a MEA are shown in Figure 3.  Water 

management is not a problem for high temperature PEM fuel cells because the 

higher temperature causes the water to exit as vapor.  The heat produced from 

high temperature cells is higher grade and, therefore, more useful for heating 

systems. Additionally, higher operating temperatures mean that the cells are 

more tolerant of reactant gas impurities such as CO.  However, one disadvantage 

of the higher temperature is that the catalyst degrades more rapidly under open 

circuit conditions (Tingelof & Ihonen, 2009). 
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Figure 3: High Temperature MEA with 45 cm2 Active Area in Test Hardware  

(Share, 2010) and Schematic of an MEA (Ziomek, 2012). 

1.1.3 PEM Fuel Cell Applications 

PEM fuel cells have several current and projected applications including backup 

and Combined Heat and Power (CHP) systems, automotive, material handling, 

and portable power for military hardware to name a few.  Three applications are 

discussed in more detail below. 

They are currently used for backup and Combined Heat and Power (CHP) 

systems. Fuel cell systems may not be best suited for mainstream 

applications, but have several niche markets. CHP systems save money on 

heating, as the waste heat from the fuel cell provides the energy input for 

the heating system (U. S. Department of Energy, 2011). They have also been 

shown to be very quiet, and have very low emissions (Armstrong, 2005).  CHP 

systems also have been used as a peak-shaving resource (Armstrong, 2005). 

This allows the capacity of the primary system to be reduced, saving money 
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and energy. The fuel cell system can then be used intermittently or 

constantly. The low-grade heat produced as a byproduct results in CHP 

systems being best suited to applications involving a high thermal and 

electrical load. Generally, this can be found in colleges, nursing homes, etc. 

(Energy Solutions Center, 2004). 

Given the high reliability of fuel cells, they are also well-suited for use as 

backup power systems. Fuel cells can achieve up to 99.9999% reliability 

(Breakthrough Technologies Institute, 2004). Much of this is due to the lack 

of any moving parts. 

Fuel cells are also being developed for automotive use. This application 

presents a high cost barrier currently, but fuel cells are expected to be 

affordable by the time they are in use (Breakthrough Technologies Institute, 

2004). This will aid adoption and make the transition easier. Historically, 

most technologies are expensive when brought to market, and the price will 

likely come down. It is projected that a car powered by hydrogen will be able 

to travel about 300 miles before recharging, which is comparable to cars 

currently in production. Hydrogen has a higher cost per unit of energy, but 

fuel cells are so efficient that the cost per mile is comparable (Breakthrough 

Technologies Institute, 2004). The total cost per mile is what will determine 

how readily customers adopt the new technology. 

The hydrogen fuel does not need to be in gaseous form; the hydrogen could be 

stored in metal hydrides and/or generated as needed. This is actually safer than 

gasoline, and should improve overall safety  (Breakthrough Technologies 

Institute, 2004). Because hydrogen is less dense than air, the flame will burn 

directly upward, away from people. Additionally, because hydrogen is so light, it 

does not pool on the ground like gasoline does, making additional flames difficult 

to start due to lack of fuel. Hydrogen also has a higher minimum flammability 

limit than gasoline, the effect of which is that a higher concentration of hydrogen 
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must build up before ignition can take place. Because hydrogen molecules are so 

small, it is difficult for the gas to build up and reach the flammability limit. 

Finally, the hydrogen flame is cleaner than the gasoline flame. Hydrogen is not a 

carcinogen (though it is an asphyxiant), and the only byproduct of the flame is 

water (40 Fires Foundation, 2010).  

New safety standards will be needed to deal with the hydrogen manufacture, 

transport, and use (Breakthrough Technologies Institute, 2004), but this is not a 

reflection on the safety of hydrogen. 

1.1.4 Fuel Cell Advantages 

There are a number of advantages to fuel cells over other electrical power 

sources.  PEM fuel cells have very high energy density (U. S. Department of 

Energy, 2011), which makes them well-suited for applications where space is 

limited. Automotive applications are a good example, but small apartments 

benefit from the reduced footprint as well. Alternately, a higher capacity system 

can be installed in the same footprint.  In addition, fuel cells only produce water 

as an exhaust product (Breakthrough Technologies Institute, 2004). The fuel may 

be derived from fossil fuels, but the actual reaction produces no emissions. 

Unburned reactants and fuel contaminants are possible pollutants, however.  

Finally, the waste heat can be reclaimed, increasing the efficiency of the system. 

(Note: The research discussed in this thesis focuses on PEM fuel cells operating 

at 160°C, above the boiling point of water. This heat could be reclaimed to do 

useful work.) 

1.2 Current MEA Bonding Processes 

1.2.1 Thermal Bonding 

PEM fuel cell Membrane Electrode Assemblies (MEAs) are currently thermally 

pressed (bonded) under high heat and temperature, as shown schematically in 

Figure 4. This requires a large press equipped with heaters, and a way to deal 
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with hot MEAs. Currently, thermal pressing has long cycle times and requires a 

large capital investment and high energy input. 

 

 

Figure 4: Schematic of the MEA Thermal Pressing Process. 

Heat and pressure are used to compress the parts, raise their temperature to 

some critical point, which then fuse together. The press used to produce the 

thermally pressed MEAs, which will be referred to as ‘baseline MEAs,’ is a PMD 

40-ton press (shown in Figure 5) capable of maintaining high parallelism 

between platens.  Heated tooling machined at the operating temperature to 

very high flatness are mounted to the press platens.  Cartridge heaters, an 

embedded thermocouple, and a closed-loop control system maintain the 

temperature of the upper and low tools (lower tool shown in Figure 6). 
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Figure 5: PMD 40-Ton Thermal Press. 

 

Figure 6: Lower Half of Tooling Used to Thermally Bond MEAs with Large Active 

Areas (e.g., 140 cm2). 
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The amount of MEA compression in the thermal press is controlled by hard 

stops. The height of the hard stops is determined based on the thickness of the 

MEA before pressing in order to give a consistent amount of compression (e.g., 

20%). Too little compression results in poor electrical contact between MEA 

contacts, whereas too much can result in poor MEA performance (e.g., GDL 

permeability compromised due to crushing) or outright failures (e.g., GDL 

puncturing through membrane).  The thermal pressing process is similar to heat 

staking in that it uses the heat to fuse the parts together, and pressure to keep 

them in contact while bonding. 

Some work has been previously performed to determine the optimum 

parameters for thermal pressing. The effects of temperature, compression, time, 

and heat treatment are discussed in the M.S. thesis by Dylan Share for both high 

temperature (PBI-based) and low temperature (Nafion) PEM MEAs (Share, 2010). 

Some of Share’s results for high temperature MEAs are discussed below. 

 Share determined that hot pressing high temperature MEAs at 140°C 

produced better performance than MEAs pressed at room temperature 

(25°C). However, cold pressing uses less energy and causes less change in 

the properties of the MEA; the selection of hot or cold pressing therefore 

depends on the properties required of the manufacturing process. 

Increasing the press time improved MEA performance somewhat, but 

this was found to have a minor effect. 

 The optimum compression percentage for the PBI-based MEAs was 

determined to be 25% compression during the bonding process. Higher 

compression resulted in a lower cell resistance, increasing the voltage 

produced. Additionally, it was found that the heat of pressing causes the 

MEAs to lose water and shrink, and this must be taken into account when 

choosing the amount of compression. 
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 Finally, heat treating the PBI-based MEAs after bonding improved the 

voltage performance. The heat treatment process improves the surface 

area and contact between the parts, reducing contact resistance. 

Share had similar experimental results for the low temperature MEAs. 

 He found that the optimum temperature for pressing Nafion-based 

MEAs was just above 115°C, which is close to the glass transition 

temperature of Nafion. Raising the temperature to this level allowed the 

parts to soften and bond together more easily.  In fact, the optimum 

temperature for bonding Nafion-based MEAs was 130°C. 

 The optimum pressure for bonding the Nafion-based MEAs was found to 

be 50 kg/cm2. Below the minimum pressure, bonding does not occur 

between the membrane and electrodes. However, increasing the 

pressure too much causes the parts to be crushed, especially the GDL, 

thereby blocking reactant gasses from getting to the reaction sites. 

 The bonding time was not found to have a large effect on the voltage 

performance. However, increasing the bond time did slightly increase 

the voltage. 

1.2.2 Ultrasonic Bonding 

Ultrasonic bonding has been proposed by researchers at Rensselaer Polytechnic 

Institute and has been shown to be a viable alternative to thermal pressing 

(Goodwin, 2006), (Snelson, 2011), (Lesperence, 2010), (Pyzza, 2011).  Ultrasonic 

bonding uses vibration to heat the individual molecules of two parts being 

welded at their interface. This is a proven process that has been used in varied 

products, and is especially prevalent in packaging.  No external heating is 

necessary, and the parts heat more uniformly.  Snelson has shown that 

compared to thermal pressing, ultrasonic bonding of high temperature MEAs 

results in a reduction in cycle time of approximately 96%, as well as a reduction 

in energy required by approximately 90%, based on a thermal press time of 30 



12 
 

seconds, an ultrasonic energy input of 5000J, and an ultrasonic power of 4000W 

(Snelson, 2011). Ultrasonic welders also tend to be smaller than a large thermal 

press, and so the machine footprint is much smaller. Finally, the welder is 

generally less expensive than a thermal press. 

To ultrasonically weld the MEAs, the parts are first clamped between a vibrating 

horn and stationary anvil. The pressure applied keeps the parts in contact so that 

vibration can be transmitted between parts. A piezoelectric crystal is used to 

produce an oscillation, generally between 15 kHz and 70 kHz, in the horn. The 

frequency used depends on the resonant frequency of the crystal (Frantz, 1997). 

The research was performed with a welder with a resonant frequency of 20 kHz.  

The oscillation produced by the crystal is used to excite the molecules in the 

parts, as previously mentioned. The excitation is dissipated by the internal 

damping in the MEA components, which causes localized heating of the parts. 

This heating is believed to occur only at the interfaces, reducing the energy 

usage in MEA bonding applications. The ultrasonic MEA hardware used by 

Snelson for his research is shown in Figure 7. 
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Figure 7: Ultrasonic Welder Components (Snelson, 2011). 

1.2.3 Comparison to Thermal Pressing 

Ultrasonically welded MEAs have been shown to perform as well as MEAs made 

using the traditional process of thermal pressing. In addition, the cycle time is 

shortened by a factor of 10, and the energy required is reduced by a factor of 

100 (Snelson, 2011). 

1.2.4 Scaling Up and Modeling of MEA Ultrasonic Bonding 

This section discusses the focus of author’s thesis work including the type of high 

temperature MEAs considered, prior work related to ultrasonic bonding of these 

MEAs, the need to scale up this process to larger MEA sizes, and analytical 

modeling of the process to gain further insight into the physics of ultrasonic 

bonding. 
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1.2.5 BASF Celtec P1000 MEAs 

The MEAs used in this research originate from materials supplied by BASF. The 

MEAs consist of a membrane, two gas diffusion electrodes (GDEs), and two 

subgaskets, all of which will be described in detail. 

The membranes are made from Celtec P1000 membrane. This material was 

specifically developed for high-temperature PEM fuel cells and is designed for 

easy manufacturing (Castro, 2009).The structure is a sol-gel with a 

polybenzimidazole structure saturated with phosphoric acid. The average 

thickness of the membranes was 360 μm. 

 

Figure 8: PBI Membrane Prior to Assembly (Snelson, 2011). 

The gas diffusion electrodes (GDEs) are composed of carbon black material with 

a platinum catalyst added. The gas diffusion layer (GDL) consists of woven 

carbon fabric, and the catalyst is 30% Pt on Vulcan XC-72, with a Pt loading of 

approximately 1 g/m2 (Snelson, 2011). The average thickness of the electrodes 

was 360 μm. The electrode can be seen in Figure 3: High Temperature MEA with 

45 cm2 Active Area in Test Hardware  and Schematic of an MEA (Ziomek, 2012). 

During assembly, the GDEs are first bonded to subgaskets made from Kapton FN, 

produced by DuPont (DuPont, 2012). The Kapton acts as an alignment fixture to 
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hold each electrode in place during assembly. Two subgasket-electrode 

assemblies are bonded to the membrane to create the MEA. The Kapton is 

coated with fluorinated ethylene propylene (FEP) which allows it to bond to the 

GDE. A subgasket bonded to a sample GDE is shown below. 

 

Figure 9: Sample GDE Bonded to Subgasket (Snelson, 2011). 

After completion of assembly, the MEAs are stored for later use in Mylar bags. 

This is done in order to prevent water loss from the MEA prior to testing. This 

was originally done by PEMEAS (now BASF) in order to provide a stable MEA that 

could be used as a unit. The bags are heat-sealed after adding the MEA, and only 

cut open just prior to use. 

1.2.6 Process Scale-Up 

The process of using ultrasonic welding to bond MEAs is a relatively new process, 

especially when compared to the history of thermally pressing. In 2006, Charles 

Goodwin was the first to use the process to make high-temperature PEM MEAs 

with a 45 cm2 active area, which is referred to as an ‘L1’ size (Goodwin, 2006). 

During the course of his thesis work, Goodwin performed experiments where he 

varied the process parameters to find the optimum values for L1 MEAs. He noted 

that a welding horn can have nodes (minimum amplitude) and antinodes 
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(maximum amplitude), if it is allowed to become too large. The pattern of nodes 

and antinodes depends on the resonant frequency; higher frequencies will 

generate shorter wavelengths and so have more nodes and antinodes for a given 

horn size. Goodwin also noted that a required operating condition is to keep the 

major dimension of the horn to a maximum of half of the wavelength of the 

sound waves in the horn. Therefore, as the horn increases in size, the resonant 

frequency must decrease to avoid generating nodes and antinodes. 

Some prior work has been performed in this area. Snelson’s work primarily dealt 

with optimizing the ultrasonic bonding parameters with the eventual goal of 

implementing high-volume manufacturing of fuel cell MEAs. This is related to the 

work performed by Pyzza, which showed a proof-of-principle model of ultrasonic 

automation. Lesperence performed further optimization of the manufacturing 

parameters, as well as developed a set of 10-cell stack hardware for testing. 

For all prior work related to ultrasonic welding of high temperature, PBI-based 

MEAs, the L1 size has been the standard used. One of the goals put forth by a 

research collaborator, BASF Fuel Cell (Somerset, NJ), was to scale up the process 

to sizes used in CHP applications, for example.  This size might be 500+ cm2.  

Scaling up to this size is desirable for mass production, since achieving this size 

suggests that any size in between could also be made. The MEAs must also be 

made economically, since this is a necessary condition for the product to 

succeed.  The size chosen for this research was roughly three times larger than 

the L1, specifically 140 cm2, which is close to active areas used in automotive 

applications.  Hence, this size is referred to as an A1 (i.e. Automotive #1). 
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Figure 10: Dimensions (mm) of A1 MEA. 

The performance of the ultrasonically sealed MEAs will be compared with that of 

the baseline MEAs, that is, ones that are thermally pressed.  Performance 

comparisons are based on the MEAs polarization curve, which is the individual 

cell voltage (volts) measured at particular current density (output current divided 

by active area of cell in A/cm2 units). Different losses account for shape of a 

typical of typical polarization curve, as shown in Figure 11. 

 At lower current densities, the voltage drop is primarily an activation loss 

due to kinetics of the reaction. 

 The voltage drop in the middle of the curve is primarily the ohmic region, 

where voltage is proportional to resistance and current. As the current 

increases, the voltage drop should also increase. This is seen on the 

curve, although at a much higher level than would be expected. 

 Finally, the section of the curve corresponding to high current density 

involves mass transport losses, i.e. when reactant gases cannot be 

supplied to the reaction site fast enough. 
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Figure 11: Theoretical polarization curve of PEM fuel cell (Ramini, 2004). 

1.2.7 Analytical Modeling of MEA Ultrasonic Bonding Process 

To help in understanding the ultrasonic bonding process for MEAs and eventually 

provide design tools for engineers tasked with process design, an analytical 

model needs to be developed to predict the power dissipation within the MEA 

thickness and resulting temperature distribution.  The modeling approach 

originally envisioned was to predict the power dissipated through the MEA 

thickness using a vibrational model and then apply the power distribution to a 

Finite Element Analysis (FEA) thermal model of the MEA to predict temperature 

rise in real time. 

1.3 Hypotheses and Thesis Organization 

This last section of the chapter poses two hypotheses related to scale-up of 

ultrasonic bonding for high temperature PEM MEA and analytical modeling of 

the process.  It then concludes by discussing how the thesis is organized. 
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1.3.1 Scale-Up Hypothesis and Research Goals 

The author contends that ultrasonic bonding can be scaled to MEA active areas 

larger than the 45 cm2 (L1 size) used in previous research, and, furthermore, the 

resulting MEA polarization curves should match that of a thermally pressed 

(baseline) MEAs.  Specific research goals to prove (or disprove) this hypothesis 

include the following. 

 Thermally pressed MEAs will be produced and tested to establish a 

baseline polarization curve. The baseline curves will be used as a 

reference for the expected performance of the larger MEAs and will act 

as a control group. 

 Ultrasonically bonded MEAs will also be produced. The polarization curve 

performance of these MEAs will determine the effectiveness of the 

ultrasonic bonding process for the larger MEAs. 

1.3.2 Modeling Hypothesis and Research Goals 

The author also contends that: (1) the viscoelastic behavior and energy 

dissipation of the MEA during ultrasonic welding can be approximated using a 

multiple degree of freedom spring-mass-damper system; and (2) the 

temperature rise can be simulated and the predicted for a given power 

distribution (from vibrational model) using FEA.  Specific research goals include 

the following. 

 The viscoelastic properties of MEA materials will be measured and 

documented for use in the vibrational model. 

 A model based on a spring-mass-damper system will be created to 

predict dissipated power distribution through the MEA thickness as a 

function of input power from the ultrasonic vibrations applied. The 

arrangement and properties will be matched to the actual properties of 

the system. 

 Real-time temperature rise will be simulated with a FEA model 

(COMSOL). 
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1.3.3 Thesis Organization 

The remainder of this thesis is organized into four chapters. 

Chapter 2: Modeling of The Ultrasonic Bonding Process for MEAS 

discusses the goal behind modeling, to determine the through-thickness 

temperature distribution in real time. It also introduces the derivation 

and theory behind the model, the determination of the parameters used, 

and the steps taken to achieve the solution. 

Chapter 3: Validation of MEA Ultrasonic Bonding Process Model 

details the process of determining the model parameters. It also 

discusses the measurement of the experimental through-thickness time-

dependent temperature of the MEA. 

Chapter 4: Scale-up of Ultrasonic bonding Welding for High 

Temperature PEM Fuel Cells discusses the challenges with scaling the 

ultrasonic bonding process to the larger A1 size. Additionally, it deals with 

adapting the parameters and tooling to the larger size, as well as the 

testing procedure and the polarization curve test results. 

Chapter 5: Conclusions and Future Work sums up the conclusions 

from both the modeling and scale-up of the ultrasonic bonding process. 

Additional aspects of both modeling and scale-up that were not studied 

are discussed.  
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2. MODELING OF THE ULTRASONIC BONDING PROCESS FOR 

MEAs 

The primary goal of the ultrasonic bonding process model for MEAs is to 

determine the through-thickness temperature distribution in real time. A valid 

model will provide insight into the bonding process in a way that direct 

observation cannot, that is, the internal temperature of the MEA can be 

visualized during the sealing process.  The maximum temperature reached can 

be estimated, thereby indicating whether any materials will be damaged during 

the bonding process.  Another goal that is equally important is the prediction of 

whether or not the MEA will bond properly. The ability to accurately predict the 

bond performance allows potentially allows process yield to be significantly 

improved.  Since the model will be two-dimensional and independent of area, 

the energy required for a given MEA active area can be easily calculated. This 

aids in the scaling process, and allows feasibility studies to be performed prior to 

developing a new MEA size. 

2.1 Motivation for Modeling 

After each MEA is made in a research and development environment, it must be 

tested before use.  A polarization curve must be generated for each cell in order 

to determine how well the MEA components bonded together.  Modeling the 

bonding process allows the effect of new bonding parameters on cell 

performance to be predicted before experimentation needs to take place or at 

least reduces the number experiments required. 

Each MEA costs several hundred dollars to produce, and test. Reducing the 

number of tests required reduces the required capital investment for testing 

without affecting the data quality. Naturally, a polarization curve is still required 

for a given configuration, but the number required is greatly reduced. 

As previously mentioned, the primary goal of modeling is to determine energy 

distribution and through-thickness temperature distribution during the bonding 
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process. This gives better insight into the ultrasonic bonding process while 

allowing the temperature rise to be predicted for a given set of welding 

conditions. Predicting the temperature rise allows the quality of the weld to be 

estimated analytically. 

The weld performance can be evaluated prior to testing. This allows for the 

determination whether or not the critical temperature has been reached. 

Conversely, the required energy to reach the critical temperature for a larger size 

MEA can also be determined using the model. Finally, whether or not the MEA 

will come apart during processing can also be determined. 

2.2 Modeling Steps 

This section describes the model processes and the general steps taken to 

produce the output. Each section is presented generically, and will be explained 

in more detail subsequently. 

2.2.1 Model Setup 

 

Figure 12: Flowchart of Vibrational and Multiphysics Models. 
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Maple, a computer algebra system, was used to create the program, which is 

designed to be run in one process. The complete program can be found in the 

Appendix. Initially, the program clears any data from a previous iteration. Next, 

the Linear Algebra package is loaded. This contains several of the tools useful for 

manipulating matrices. 

An error handler deals with the problems created by zeros. Occasionally, some 

eigenvalues will be complex and some will be real. The first handler excludes any 

zero imaginary parts from being shown. Because of the wide range of orders of 

magnitude, there will at times be frequencies with a very small imaginary part. 

Preventing a zero imaginary part from being displayed as “0i” makes it easier to 

see when the imaginary part truly is zero and not just too small to be displayed. 

Complex frequencies indicate that the system has damping, and the appearance 

of a small imaginary part may suggest a system has damping when in fact it does 

not. 

The area is set to be the active area of the L1 MEA (45 cm2), so that all model 

parameters can be scaled accordingly. This will prove useful when other MEA 

sizes are modeled, as it will minimize the number of properties that need to be 

changed.  

The density of each part, which were measured experimentally, is used to 

determine the part mass. Since the dimensions of each part are known, the mass 

of each part can be found by multiplying the volume by the density. 

The system is modeled as a 4-degree of freedom system, as previously 

mentioned. Each layer is modeled as a 1-degree of freedom system, and there is 

a driving layer on top. This driving layer is present to convert the displacement 

input of the welder into a force input, as required by the model. This layer does 

not actually correspond to anything physically, so it is excluded from the thermal 

analysis later. 
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2.2.2 Matrices 

The mass matrix, M, has four rows and columns corresponding to the number of 

physical layers (i.e. 4).  Each individual layer mass used in the model is based on 

a unit of area, that is, 1 m2. The mass is calculated as follows: 

                 (3)  

where i represents the physical/model layer, t represents thickness, and  is 

density (not resistivity). 

The damping matrix, C, contains all the damping constants. It is used to account 

for the multiple degrees of freedom of the system and the inter-layer 

interactions of the dampers. In this system, there are four rows and columns, 

each corresponding to a degree of freedom of the system. Each damping 

constant was directly calculated from the properties of the system. It is 

important to note that each damping constant is based on a 1 m2unit area and is 

scaled to the system within the program. 

The stiffness (spring) matrix, K, contains all of the spring constants.  Its structure, 

similar to the damping matrix, is four rows and columns, each one corresponding 

to a degree of freedom of the system. Each spring constant was also calculated 

from the actual properties of the system, and also corresponds to a unit area of 

1 m2. 

The forcing term was also based on the actual system input. The forcing vector, 

F, has four rows but one column, with each row corresponding to a degree of 

freedom of the system. Since all of the forcing takes place on the first degree of 

freedom, all the other rows are empty. This is derived in Section 2.3 Theory.  

Snelson found that the optimum forcing function yielded a displacement 

function of 2.5*10-6*sin(40000*π*t) meters, where t is in seconds (Snelson, 

2011). This was experimentally determined to give the best MEA performance, 

and was used to generate the experimental temperature profile. 
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Finally, the initial conditions were all assumed to be zero. Specifically, the initial 

displacements and velocities were assumed to be zero. This was an assumption 

made based on the fact the system was at rest. 

2.2.3 Eigenvalues and Eigenvectors 

In the case of a vibrational model, the eigenvalues represent the natural 

frequencies of the system. The corresponding eigenvectors represent the 

motions associated with each natural frequency. 

2.2.4 Ajj Scalars 

As will be shown in Section 3.3, each eigenvector must be orthogonal to the 

others.  Imposing orthogonality requires multiplying the matrix A by each 

eigenvector and its transpose. 

2.2.5 Modal Matrix 

Because the matrix A* is composed of all of the eigenvectors a(j), it is called the 

modal matrix. This matrix contains all the possible modes of vibration for the 

system. 

2.2.6 Complementary Solution 

The complementary solution was found first. Because of the principle of 

superposition, the complementary and particular solutions can be found 

separately and then summed. The complementary solution refers to the free 

vibration behavior of the system, without the forcing term. Specifically, the free 

vibration displacement functions are to be found. 

2.2.7 Particular Solution 

The particular solution will be solved symbolically in Section 2.3. All that needs to 

be done in the model is to assemble the proper matrices and solve.  

2.2.8 Multiphysics Model to Predict Temperature Rise 

Finally, a COMSOL FEA model was used to predict temperature rise based on 

power outputs from the vibration model. Although FEA simulation is never exact 
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due to the many approximations and assumptions made, the accuracy is 

expected to be sufficient for this application to predict whether the MEA 

components will bond or not. 

For this case, a 2D COMSOL model was chosen to represent the geometry of the 

MEA. This was due to the symmetry of the parts. A 1D model would have been 

sufficient, but a 2D model was chosen to make it easier to visualize. In the ideal 

case, a 3D model would have been used, but this proved to be too 

computationally intensive to be practical. Therefore, a 2D model was the best 

compromise between speed and accuracy.  Several material properties were 

required for the final model, and these are shown in Table 1. 

 

Figure 13: 2D Representation of MEA Geometry as Seen from the Side. 
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Table 1: Material Properties used in 2D COMSOL FEA Model of MEA. 

2.3 Theory 

To obtain through-thickness power distribution from an ultrasonic input, the 

physical system is modeled as a series of springs, masses, and dampers.  A single 

degree of freedom (DOF) mass-spring-damper system is shown in Figure 14 as an 

example.  It should be noted that the materials used in the MEA tend to undergo 

inelastic deformation when under compression during the bonding process. 

 

Figure 14:  Model Components – mass, spring and damper (Coleman, 1999). 

The compressive material response was used to determine the arrangement of 

components in the model, as shown in Figure 15. During testing, a constant force 

was used to compress both the membrane and electrode separately. The same 

test was used with both materials, although the responses were different.  

Property Membrane Electrode Units 

Length/width 0.072 0.072 Meters 

Thickness 3*10-4 4*10-4 Meters 

Specific heat 1900 700 Joules/kilograms*K 

Density 1450 515 Kilograms/meter3 

Thermal 

conductivity 

0.6 0.3 Watts/meter*K 
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Figure 15: Sample Response of Constant Force on Single-Degree-of-Freedom 

Spring-Mass-Damper System Shown Above. 

This response is at a constant force. Based on the trend of the response, the 

arrangement of components in the model can be determined. The response is 

characteristic of a spring and damper in parallel, also known as the Voigt or 

Kelvin model (Kelly, 2008). The initial compression is rapid because the spring is 

not yet producing a high restoring force. Later, both the spring and damper 

produce a high restoring force due to the high displacement and velocity of the 

crosshead. This slows down the displacement. Both of these effects together 

produce the characteristic Voigt curve. 

The complete mathematical system is shown below. Each component 

(electrodes and membrane) is represented by a Voigt model, which are joined in 

series to create the overall model. The layers are numbered from 1 to 4, starting 

from the driving layer on top. 
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Figure 16: Complete System Model with All Components. 

 

Figure 17: MEA in Ultrasonic Welder. 

The masses are taken from the actual properties of the system. Each layer has its 

own mass, which is easily measured experimentally. Each mathematical layer 

corresponding to a physical layer is assumed to have a mass of mi, where i 

represents the layer in question. 

The properties of individual layers can be used to find the properties of the 

combined system. Compressive tests can be used to determine the component 

properties. Fixing the bottom surface and applying a known force input to a 

membrane or electrode sample (depending on the test being run) will produce a 

displacement of the top face of the sample. The parallel spring and damping 

constants are found from the displacement function. 

Electrode Electrode Membrane Driving 
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From the free-body diagram shown in Figure 14, summing the forces leads to the 

equation of motion. 

   ̈         ̇ (4)  

Where x represents the displacement of the top of the layer, and  ̇ and  ̈ are the 

velocity and acceleration, respectively. F represents the force acting on the top 

surface. K and c are the spring and damping constants, respectively, of the 

model. In this case, k and c are the only unknowns.  Solving this equation at two 

different times and substituting the results from one time into another will yield 

k and c. Choosing two times when the velocity is constant (and so acceleration is 

zero) makes the algebra easier. 

The vibrational model is based on a system of eight ordinary differential 

equations (ODE). Each ODE can be derived using the Lagrangian Equation. The 

governing equation of a spring-mass-damper system is given by the general form 

derived from Figure 14. M represents the mass of a layer, k represents the spring 

constant, and c represents the damping constant. F represents the forcing 

function, and x,  ̇, and  ̈ are the position, velocity, and acceleration, respectively. 

   ̈    ̇       (5)  

This is representative of the one degree of freedom case. Mass, spring, and 

damping matrices will be used to organize the equations for the general case. 

    ̈     ̇        (6)  

Single underbars represent vectors for position, velocity, displacement, and 

forcing, and double underbars represent matrices. Capital letters refer to vectors 

and matrices, while lowercase letters refer to the parameters. 

The spring, mass, and damping matrices will be subsequently described. In order 

to reduce the order of the system, these matrices will be combined into what 

will be denoted as the A and B matrices, subsequently described in Equations 23 
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and 24. This doubles the number of equations but reduces them all to first-order 

equations. 

The Lagrangian equation can be used to populate all the matrices. Starting with 

the general equation for rectangular Cartesian coordinates: 

         (7)  

where U represents the total energy, T represents the kinetic energy, V 

represents the elastic potential energy, and J accounts for the damping energy. 

The kinetic energy T can be found by summing the kinetic energies of all the 

masses: 

 

  
 

 
 ∑    ̇ 

 

 

 

 (8)  

The kinetic energy for each mass is proportional to the square of its velocity. The 

potential energy is dependent on the spring properties. 
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  (9)  

The subscripts refer to the number of the layer used in the model. The spring 

force is directly proportional to the distance between two masses. This 

summation is a result of adding all of the springs separately. 

Finally, the damping is determined in a similar manner. 

 

  (∑            
 

 

 

)      
  (10)  

Again, the subscripts refer to the number of the layer used in the model. 

Taking the second derivative of each of these equations will populate the 

matrices. 
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  ̇   ̇ 
 (11)  

 
    

   

      
 

(12)  

 
    

   

  ̇   ̇ 
 

(13)  

The M, K, and C matrices are a more general form of the mass, spring, and 

damping constant, respectively. These matrices are used to organize the 

viscoelastic properties of the system. Lowercase i and j represent the position in 

the matrix – i represents the horizontal position, and j represents the vertical 

position. Continuing with the derivation, the matrices are populated as follows: 

   [

   
   

  
  

  
  

   
   

] (14)  

   [

     

        

  
    

    

  

        

        

] (15)  

   [

     
        

  
    

    
  

        
        

] (16)  

X and its derivatives again represent the motion of the system. The x-vector and 

its derivatives will be arranged as follows: 

 

  [

  

  
  

  

]   ̇  [

 ̇ 

 ̇ 

 ̇ 

 ̇ 

]   ̈  [

 ̈ 

 ̈ 

 ̈ 

 ̈ 

] (17)  

Combining the matrices gives Equation 6. 

The forcing function is given by the actual input displacement function. The 

preload is ignored because it does not contribute any power. It is important to 
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note that the preload moves the operating point of the spring. For linear 

systems, the principle of superposition applies, and so the outputs can be added 

or subtracted. The spring is assumed to be linear so the preload can be 

subtracted out from the forcing function, and its steady-state displacement 

subtracted out from the model output. Since the model requires a force input, 

the input must be converted from displacement to force. This is done by 

assuming there is a large mass on top of the MEA (this is analogous to the horn) 

acting as the first mass. 

The large mass is used because it allows a known displacement to be imposed 

using only a force input. Because the mass is assumed to be so large compared 

to the rest of the system, it is essentially a free floating mass. Imposing a 

sinusoidal input on this mass gives a sinusoidal displacement output. The next 

layer (the top electrode) is assumed to be locked to the large mass by assuming 

there is a very stiff spring between them. Because the electrode is assumed to be 

so much smaller than the first layer, and the spring is so stiff, it will follow the 

first layer. This allows the mass of the first layer to be represented accurately so 

as to not affect the natural frequencies of the system. This brings the total 

number of mathematical layers to 4.  

Given that the desired displacement is known, the required forcing function can 

be easily calculated. Differentiating the position input with respect to time gives 

the required acceleration. 

  ̈     (18)  

Multiplying by the mass of m1 gives the required forcing function. The desired 

input is a 25µm amplitude sine wave, with a frequency of 20 kHz. The normal 

output of the ultrasonic welder is 10 microns, which is stepped up to 25 microns 

with the use of a 2.5X booster. Since the machine is tuned to 20 kHz, this is the 

frequency used. This is denoted as:  
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                             (19)  

                                  

    

(20)  

The complete forcing vector is therefore as follows: 

 

  [

                           
 
 
 

] (21)  

In order to use the first-order theory to solve the ODEs, a new vector, Y, will be 

assigned. This is populated with X and its derivative. 

 

  

[
 
 
 
 
 
 
 
 ̇ 

 ̇ 

 ̇ 

 ̇ 
  

  
  

  ]
 
 
 
 
 
 
 

 [
 ̇

 
] (22)  

 The M, C, and K matrices can be combined into what will be designated the A 

and B matrices. 

 
  [

  

  
] (23)  

 
  [

   

  
] 

(24)  

Combining all the matrices forms the following governing equation: 

    ̇       ̅ (25)  

The equations of motion are now eight single-DOF ODEs, rather than four two-

DOF ODEs, reducing the computational time to solve the system. 

Q is populated with the forcing function. 
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 ̅  [

 

 
] (26)  

Expanding the matrices gives the following: 

 
[
  

  
]  [

 ̈

 ̇
]  [

   

  
]  [

 ̇

 
]  [

 

 
] (27)  

The two governing equations become: 

    ̇     ̇    (28)  

    ̈     ̇        (29)  

The first equation is null, and the second equation is the original governing 

equation in matrix form. This is a useful check to make sure the algebra has been 

done properly. 

Using first-order theory, the system can be solved symbolically. The first step is 

to assume a sinusoidal solution exists. Because there is both damping and 

forcing, the sinusoid will decay over time, but there will be a steady-state part 

present from the forcing.  

The first step is to break the solution up into the steady-state part and the 

transient part. 

         (30)  

The subscripts c and p represent the complementary and particular solutions, 

respectively. In this case, the complementary solution represents the steady-

state solution and the particular solution results from the forcing. The steady-

state solution will be solved for first. 

    ̇        (31)  

The solution is assumed to have the following form: 
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           (32)  

  ̇            (33)  

Where y represents the displacement and velocity of a layer, α represents the 

natural frequencies, a represents the corresponding mode shapes, and C is an 

arbitrary scaling factor. 

Substituting these into the original equation gives the following. 

 (    )            (34)  

 (    )      (35)  

This results in an eigenvalue problem. In this case,  represents each eigenvalue, 

and each a is the corresponding eigenvector. 

 |    |    (36)  

Because the M, K, and C matrices are combined into the larger A and B matrices, 

each eigenvector a will be broken up into two vectors Φ1 and Φ2. 

 
  [

  

  
] (37)  

Expanding results in the following. 

 

[ [
  

  
]  [

   

  
]] [

  

  
]  [

 

 
] (38)  

Expanding again gives the following equations: 

             (39)  

      (    )     (40)  

Equation 39 can be used to determine the relationship between Φ1 and Φ2. 
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  (       )    (41)  

Since M is nonzero, it can be inferred that: 

 
  [

  

  
]  [

  

 
] (42)  

The eigenvalues can be found using Eqn. 34.  

 (        )    (43)  

 |        |    (44)  

Determining all of the values for α gives the eigenvalues. In this case, these 

represent the natural frequencies. Each corresponding Φ represents the 

corresponding eigenvector. Multiplying by the eigenvalue gives the mode shape. 

 
  [

  

 
] (45)  

Since all the eigenvectors must be orthogonal to one another, orthogonality 

must be applied. For two orthogonal vectors, the dot product of one with the 

transpose of the other is zero. Lowercase a(i) and a(j) are assumed to be mutually 

orthogonal mode shape vectors.  

      (                 ) (46)  

      (                 ) (47)  

Multiplying out gives the following: 

 (   
                          ) (48)  

 (   
                          ) (49)  

Since A and B are symmetric matrices, they are each their own transpose. 

      (50)  
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      (51)  

Equations 48 and 49 can therefore be transformed as follows:  

 (   
                          ) (52)  

 (   
                            ) (53)  

Subtracting Eqn. 52 from Eqn. 53 eliminates the second term in each to give: 

 ((     ) 
             ) (54)  

From this equation, we can infer: 

 
             {

      
    

 
(55)  

Furthermore, 

 (   
                          ) (56)  

 (                    ) (57)  

 
             {

             

    
 

(58)  

From this, the relation between aii and Bii can be determined: 

 
    

   

   
 

(59)  

Where αi is the natural frequency. These relations will be useful later. The 

particular (forcing) solution can be determined using Laplace Transform theory. 

The complete governing equation is as follows: 

    ̇       ̅ (60)  

In order to keep track of the domain in use, the equation must now explicitly 

include the time dependency. 
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       ̇          ̅    (61)  

The initial conditions are as follows: 

 
        {

 ̇ 

  
} 

(62)  

Taking the Laplace transform of both sides of Equation 61 gives the following: 

  (   ̅          )     ̅     ̅    (63)  

 (     )  ̅              ̅    (64)  

Because y is the output vector, it can be redefined in terms of the modal matrix 

and the principal coordinate vectors u. 

  ̅            (65)  

where A* represents a matrix containing the mode shapes. It is composed as 

follows: 

    [           ] (66)  

where n is the number of degrees of freedom of the system. As previously 

mentioned, each a represents a mode shape of the system. Similar to how the 

general solution was found, orthogonality must be imposed between the mode 

shapes. Equations 67 to 69 deal with decoupling the coupled equations. This 

allows the principal coordinates to be solved for independently. 

 

     [∑(     )          

   

 

       ̅   ] 

(67)  

 

∑(                           )      

   

 

          
 
        ̅    

(68)  
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 (         )               
 
        ̅    (69)  

Simplifying Equation 69 gives the following: 

                           
 
        ̅    (70)  

This can be rearranged to solve for each principal coordinate. 

 
      

 

   
          

 
 

 

    
 

 

   
       

 

    
  ̅    

(71)  

The inverse Laplace transform can be used to solve for the principal coordinates 

in the time domain. 

 
      

 

   
         

 
      

 

   
      ∫  ̅   

 

   

           
(72)  

 

The complete solution is as follows:  

 

 ̅           ∑    

  

 

      

(73)  

 
 ̅    {

 ̇   

    
} 

(74)  

Since the system is so complex, the ODEs present must be reduced in complexity 

before the system can be easily solved. Separating the solution into its 

complementary (free vibration) and particular (forcing) parts must be done first. 

Since the motion of the system must satisfy the governing equations, the 

eigenvalues and corresponding eigenvectors govern the motion. In this case, the 

eigenvalues are the natural frequencies of the system and the eigenvectors 

correspond to the mode shapes for each natural frequency. From this, the modal 

participation factors are used to determine how much each mode shape 

contributes to the motion of each mass. 
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Because the system is assumed to be linear, the displacement from the 

particular solution can be added to the displacement from the complementary 

solution to find the total displacement of each DOF of the system. Laplace 

transform theory was used to convert the system, which was then uncoupled by 

imposing orthogonality. Rearranging allowed the system to be converted again 

with an inverse Laplace transform. 

The complete system solution can be used to determine the power dissipated in 

the dampers. In each damper, the power dissipated is proportional to the 

velocity difference across the damper. 

      (       )
 
 (75)  

In this case, j corresponds to both the damper number and the mathematical 

layer number. For instance, damper 3 would be proportional to the difference in 

velocities 3 and 4. The power dissipated in each damper represents the power 

dissipated in each layer of the MEA model and results in a temperature rise 

according to the properties of the materials. 

However, because there is conduction between the materials, a FEA model is 

used to determine the actual temperature rise. For the general case of two-body 

conduction, shown in Figure 18, the derivation is as follows. Before determining 

the heat transfer between two bodies, a method of determining the 

temperature  at the interface must be determined. For the general case of two 

bodies, the derivation is as follows, where A and B are the bodies. 
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Figure 18: General Two-Body Conduction Geometry. 

The point at the interface is assumed to have zero mass, as it is an infinitesimal 

point. Therefore the total heat input at the interface can be assumed to be zero 

(or else the temperature would rise to infinity). The heat input must equal the 

heat losses to both bodies for this to be the case. 

 
 ̇          

             
  

         ⁄
 

             

  
         ⁄

   
(76)  

Where  ̇ represents the heat input rate of the interface, T represents the 

temperature of either the interface or a body, L represents the thickness of a 

body, and k represents the heat transfer coefficient. The area is the interfacial 

area between the bodies and interface, and is assumed to be the same on both 

sides. Since the total heat input rate at the interface is zero:  
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(77)  
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(78)  
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From this, the interface temperature can be found. The heat flowing between 

bodies must pass through the interface, and so the heat rate is proportional to 

the temperature difference between each body and the interface. 

 
           

             

         
 

(80)  

From this, the heat transfer into an arbitrary layer can be determined. 

 
 ̇  

             

  
       ⁄

 
(81)  

Equations 76-81 can be adapted for each of the physical layers. 

The first layer is excluded from the analysis and so no heat is assumed to enter 

or exit. This layer is simply the driving layer and is only there to create the 

correct motion. 

For the second layer, it is assumed that heat transfer only occurs with the layer 

below. This layer is defined to be the top electrode.  

 

 ̇             
   

             

         

  
       ⁄

 

(82)  

With the third layer, the membrane, heat transfer occurs with the second and 

fourth layers. Physically, this corresponds to the heat transfer between the 

membrane and the electrodes. 
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(83)  

The last layer is assumed to only have heat transfer with the layer above it. This 

layer is defined to be the bottom electrode. 

 

 ̇             
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(84)  

The total heat transfer rate in an arbitrary layer is given as follows. This shows 

that the temperature distribution in the MEA is dependent on both the heat 

input and the temperatures of adjacent layers. 

 

∑ ̇  
   (       )

 

     

  ̇             

(85)  

A 2D finite difference model could be used to determine the temperature rise 

because of the symmetry, but this was found to require too many points 

because of the aspect ratio. Solving all of these equations together for a given 

timestep and then integrating would allow the determination of the total 

temperature change in each layer after a given time. However, the aspect ratio 

of the parts made this impractical. Because it was deemed necessary to have at 

least 5 points through the thickness of each part, and the resolution was 

constant in all directions, an excessively high number of points were required in 

the width direction, making solving the system impractical. This led to the 

development of the FEA model, to be shown subsequently. 
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2.4 Rationale of Four Layer Model 

Currently, only the physical layers of the MEA are being modeled. The system is 

treated as a model containing three physical layers, and is assumed to not lose 

any energy to the horn or anvil. The fourth layer is imaginary and is only used to 

convert the forcing function. 

2.5 Determining Model Parameters 

Using a free body diagram, it is known that the parallel spring and damper bear 

the constant force at all times. It is also known that the force on a damper is 

proportional to the velocity, and the force on a spring is proportional to the 

displacement. The position and therefore the velocity are known at all times. 

Using the displacement and velocity at two different times, the spring and 

damping constants can be calculated by summing the forces and setting them 

equal to the compressive force. This gives two unknowns in two equations. 

Solving these gives the parallel spring and damping constants. Figure 14 shows 

the free-body diagram for an individual layer, and Figure 15 shows a sample 

response. 

                       (86)  

 

                       (87)  

2.6 Modeling Approach: Converting System Response into Heat 

Using Maple, a computer algebra system, the displacement in each layer as a 

function of time can be found. Each mathematical layer corresponds to a 

physical layer. Differentiating each position function with respect to time gives 

the respective velocity functions. The position and velocity functions can be 

found in 3.1.1 Electrode Parameters3.1.2 Membrane Parameters. 

 
      

 

  
      (88)  
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As a check, the top half of the displacement matrix output vector y should be the 

derivative of the bottom half. This is due to the nature of the first-order theory; 

the displacement and velocity vectors are solved for simultaneously. 

The energy input from the net power dissipated in each layer raises the 

temperature in each layer according to its specific heat. 

 
            ∫     

 

 

 (89)  

Where ΔT refers to the change in temperature, m refers to the mass, Cp refers to 

the heat capacity at constant pressure, and P the power as a function of time. 

Integrating the temperature over time gives the total energy input, which can be 

used to calculate the temperature rise. Unfortunately, due to the complexity, a 

closed-form solution could not be found for the power functions. 

2.7 Chapter Summary 

The goal of modeling the ultrasonic bonding process is to determine the 

through-thickness temperature distribution in the MEA. This allows the 

reduction in the number of tests, reducing costs. The steps taken to model the 

bonding process, starting with material properties and weld parameters and 

ending with the power dissipated in the MEA. The derivation of the vibrational 

aspects of the model is explained starting from the determination of the model 

type. A Kelvin (Voigt) model with a spring and damper in parallel was used to 

model each layer of the MEA, leading to the overall model. The determination of 

the heat transfer rates between layers was also discussed; a finite-difference 

model was not used owing to the aspect ratio of the parts.  
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3. VALIDATION OF MEA ULTRASONIC BONDING PROCESS 

MODEL 

The details of determining the parameters used for the ultrasonic bonding model 

are discussed in this chapter. Additionally, the measurement of the experimental 

temperature response and the challenges presented are discussed. 

3.1 Obtaining Model Parameters 

A constant loading test was used to find the material properties, as shown in 

Figure 19(a).  A 6.45 cm2 square sample was used in the test fixture. The 

properties were then scaled to account for the area of the 45 cm2 MEA.  An 

Instron 8848 MicroTester, shown in Figure 19(b), was used to measure the spring 

and damping constants. The compression fixture was designed to accommodate 

both the sample and an extensometer. Since the vast majority of extensometers 

are designed for more robust samples, the extensometer could not be mounted 

directly on the sample. Adapter plates shown in Figure 19(a) were used to mount 

the extensometer to the sides of the fixture to measure the displacement. This 

was reset to zero before every run. 
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(a)  (b)  

Figure 19: (a) Instron Universal Testing Machine Setup for Compression of 1" 

Square Material Samples and (b) Instron 8848 MicroTester. 

A 100N force was chosen arbitrarily for both the membrane and electrode. This 

was chosen to give a measureable displacement without crushing either 

material. The displacement, time, and force (with 2 kN load cell) were measured 

over the course of the test. An extensometer with 10mm gage length was used 

to measure displacement. Because the load was not always exactly 100N, it was 

necessary to measure it.  Because the displacement and time were both 

measured, the velocity could be determined by taking the time derivative of the 

displacement. Both the displacement and time were in discrete steps, so an 

approximation was necessary to find the derivative: 

    

  
 

       

       
 

(90)  

where the subscript i represents a given time step. Lowercase x refers to the 

position, and v its derivative. T represents time. 

3.1.1 Electrode Parameters 

The time-dependent displacement (m) and velocity (m/sec) for one compression 

test of the electrode are shown in Figure 16. These curves allow the parallel 
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spring and damping constants to be found. In this trial, the position and velocity 

were found at 50 and 120 seconds. These times were arbitrary but were selected 

as the best image of the behavior.  Equations 86 and 87 can be used to 

determine the spring and damping constants. 

At 50 seconds: 

                            (91)  

At 120 seconds: 

                       (92)  

From this, it can be calculated that C=100154 kg/s and k=10582 N/m for this 

trial. The mass was taken from the properties published by the electrode 

manufacturer, BASF fuel cell, and represents the actual mass. The density of the 

electrode is given as 0.515 g/cm3 (515 kg/m3). Multiplying by the volume gives 

the mass of each mathematical layer: 

 
   

  

  
                                    

(93)  



50 
 

 

Figure 20: Time-Dependent Displacement and Velocity Behavior of Compressed 

Electrode. 

3.1.2 Membrane Parameters 

The properties for the membrane were derived in the same manner. The time-

dependent displacement and velocity curves for the membrane are shown in 

Figure 21.  The spring and damping constants can be found in the same way. In 

this trial, the position and velocity were also taken at 50 and 120 seconds.  

Equations 86 and 87 can be used to determine the spring and damping 

constants. 
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At 50 seconds: 

                          (94)  

At 120 seconds: 

                          (95)  

From this, it can be calculated that C=64636 kg/s and k=1175 N/m for this trial. 

The mass was taken from experimental measurements of the membrane mass. 

The average mass was found to be 2.69*10-3 kg for the area used. 

 

Figure 21: Time-Dependent Displacement and Velocity Behavior of Compressed 

Membrane. 

The remaining data for the membrane and electrode compression testing can be 

found in the Appendix. 

  

-0.09

-0.08

-0.07

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

-0.08

-0.07

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0

0 50 100 150 200 250 300

V
e

lo
ci

ty
 (

m
m

/s
e

c)
 

D
is

p
la

ce
m

e
n

t 
(m

m
) 

Time (seconds) 

Time-Dependent Displacement and 
Velocity of Compressed Membrane 

Sample 

Position Velocity



52 
 

3.1.3 Input Force/Displacement Function Parameters 

The MEA is bonded with a fixed-amplitude displacement input. For the units to 

match, the mathematical model requires a force input, which is incompatible 

with the displacement output of the welder. Therefore, some adaptation is 

necessary. An additional mathematical layer, shown in Figure 16: Complete 

System Model with All Components, is necessary beyond the three representing 

the MEA. Therefore, a force input must be applied to the system in such a way 

that it recreates the actual displacement output. This force input is to be applied 

to what is now the second layer. This must result in the specified displacement 

output on the third layer. 

The displacement output is achieved using very large assumed masses. The first 

layer is arbitrarily assumed to have a mass of 258000 kg. This is done to ensure 

that the mass of this layers is so large that the system mass is negligible in 

comparison. Because the first mass is so large, the force necessary to move it 

must also be very large. This force is therefore not representative of the force 

provided by the welder to achieve the displacement output. 

The required displacement input arises from the fact that there is a very stiff 

(k1=51600000 N/m) spring between the first and second layers. Because this 

spring is so stiff, any natural frequencies arising from its inclusion should be at 

such a high frequency that they can be neglected. 

In addition, because the mass and force input to the second layer are prescribed, 

the displacement will be known. The spring connecting the first and second 

layers is so stiff that the displacement of the second layer effectively becomes 

that of the first layer. This gives the required displacement input to the first layer 

of the MEA. The additional negative sign is required because the force is driving 

the mass, and it is not strictly a restoring force. 

         ̈                 (96)  
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 ∫∫

 

 
     

           

      
      

(97)  

 
 ∫∫

                         

      
         

                       

(98)  

The properties used for the mathematical model are taken from the actual 

viscoelastic properties of the material. Because of this, the response of the 

mathematical model from the displacement input should represent the actual 

response during bonding. The net effect is that the energy that is input to the 

three model layers of the MEA matches the energy put in to the actual system. 

The rest is used to accelerate the driving layer.  Parameter values used in the 

model are summarized in Table 2. 

Table 2: Parameter Values Used for Each Model Layer. 

Layer 

Number 

Name Spring 

Constant, N/m 

Damping 

Constant, 

kg/s 

Mass, kg 

1 Driving 

Layer 

5.16*107 0 2.58*105 

2 Electrode 1 87307 74120 6.112*10-4 

3 Membrane 10712 72360 1.3467*10-

3 

4 Electrode 2 87307 74120 6.112*10-4 

3.2 Experimental Through-Thickness Temperature Response of 

MEA to Ultrasonic Bonding 

Omega 76 um thermocouples were used to measure the through-thickness 

temperatures of the MEA during the ultrasonic bonding process.  The 

thermocouples were mounted above and below the membrane in the MEA. It 

was theorized that the top and bottom of the MEA would experience different 

temperatures, and placing thermocouples in both positions alleviated any 

differences. Snelson’s work dealt with inserting thermocouples between layers 
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during bonding (Snelson, 2011). These were inserted manually and were pushed 

into the membrane slightly so the overall thickness would be unchanged. 

Increasing the thickness in some places would have resulted in highly localized 

heating, as these would be the only areas in contact with the horn. These were 

plotted and compared to the simulated temperature every 0.1 seconds, for a 

total time of 3.5 seconds. 

The thermocouples were used to record data every 0.2 seconds using an Omega 

OM-300 data logger, as shown in Figure 18.  For the 3.5 second weld, this 

resulted in 14 data points. Each thermocouple had a response time of 0.02 

seconds, or 10% of the sample interval. However, all that is necessary to 

compensate for this is to shift the data by 0.02 seconds. The experimental setup 

is shown below. It was necessary that the thermocouples were small so that the 

risk of misalignment was decreased. This directly led to a reduced risk of 

jamming the stack.  The data were recorded out to 9.8 seconds in order to fully 

correlate the model and provide data from a longer interval. This also mitigates 

the effects of response time delays. 
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Figure 22: Experimental Setup Showing MEA Ultrasonic Bonding Apparatus and 

Temperature Datalogger for Measuring Through-Thickness Temperatures 

During Bonding. 

Initially, the data were difficult to collect. Because of the high temperatures 

reached, the thermocouples were literally burning up. As the thermocouples are 

expensive, it was very important that this problem be solved quickly. The 

attributed cause was that the MEA was too well insulated, i.e. placing Kapton 

above and below the MEA resulted in a heating rate that was too fast to be 

measured. The Kapton below the MEA was found not to be necessary to the 

bonding process, and so it was removed. This resulted in temperatures that were 

measureable and more representative of the actual bonding process.  An 

example temperature plot at 3.2 seconds is shown in Figure 23. 
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Figure 23: Through-Thickness Temperature Distribution at 3.2 Seconds. 
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Figure 24: Time-Dependent Temperatures Reached in Both Experimental Work 

and Vibrational Model. 

3.3 Through-Thickness Temperature Response of MEA Ultrasonic 

Bonding Model 

The results of the model are inconclusive. The model has been tested with 

sample worked problems and the algebra has been shown to be correct. 

Additionally, graphical examination of the results has shown that the model 

produces the correct output, as shown in Figure 25.  In this case, the equation of 

motion is  ̈       ̇       with x0=1. However, this is a much simpler case, 

with only one degree of freedom. 
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Figure 25: Sample Output of Model for Known Case. 

Attempting to directly solve the four-degree of freedom system of equations 

with Maple led to the system repeatedly crashing, indicating the difficulty of 

solving the problem. Rewriting the equations as eight first order equations 

resulted in crashes as well. The difficulty is thought to lie in the wide range of 

orders of magnitude used in the problem. High precision is required because of 

the very small masses, but this becomes more difficult when the large natural 

frequencies are included. It is theorized that they system may be too 

complicated to model with this approach. 
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4. SCALE-UP OF ULTRASONIC WELDING FOR HIGH 

TEMPERATURE PEM FUEL CELLS 

This chapter discusses scaling of the ultrasonic tooling, parameters, and process 

to the larger A1 size. Additionally, the larger A1 hardware is discussed in detail, 

as well as the testing procedure. 

4.1 Thermal Pressing of A1 MEAs 

The thermally pressed A1 (140 cm2) MEAs were made using a PMD 40 ton press 

with heated tooling described in Section 1.2.1 and shown in Figure 5Figure 6.  

The MEAs were pressed at elevated temperatures to fuse the GDE to the 

membrane, and controlled compression aided in the bonding process by keeping 

the parts in contact. 

One complication with PBI-based MEAs is that the membrane tends to shrink 

when exposed to the air. Moisture tends to be lost to the ambient, unless the 

surrounding environment is very humid. This is a known problem with the L1 

size, and it is imperative that the MEAs be assembled quickly to avoid having the 

membrane shrink. If the dimensions of the membrane are reduced by too much, 

the electrodes can touch and cause a short. With the larger A1 size, this problem 

is more serious. Shrinkage by a given percentage will result in a larger change in 

dimension, making it easier to cause a short near the edge of the active area. 

Therefore, the membrane must be slightly oversized to compensate for this 

prevent shrinkage. 

Since the goal of scaling the process is to determine the effect of the larger area, 

the A1 MEAs should be produced as analogs of the L1 (45 cm2) MEAs. To that 

end, the pressure and temperature used to thermally bond the larger MEAs 

should be kept constant. Based on the work performed by Snelson, the optimum 

temperature and compression percentage for thermally pressing the MEAs were 

140°C and 25% compression, respectively (Snelson, 2011). The tooling shown in 

Figure 6 was adapted to allow for the increased power required to maintain 
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temperature.  Furthermore, the press force was scaled appropriately. The 

compression of the MEA was also kept constant (25%). 

The thermally pressed MEAs bonded with no problems. This is due to the 

knowledge of previously established parameters and techniques for the process. 

The A1 tooling was actually oversized relative to the A1 MEAs, but the MEAs 

sealed properly regardless. The author speculates that the extra heating area 

provided more consistent heating, since convective losses at the tool edges had 

little effect on the tooling near the MEA edges. The additional thermal mass also 

helped provide a more consistent temperature control. 

4.2 Ultrasonic Bonding of A1 MEAs 

A Branson 4 kW 2000X ultrasonic welder was used to bond the ultrasonic MEAs. 

This was the same welder used to bond the L1 MEAs in all previous work. The 

MEAs were placed under compression and a vibrational input was applied to 

bond the parts. This caused localized heating in the parts and allowed the actual 

bonding to take place. 

The tooling used for the ultrasonic welder needed to be upscaled to 

accommodate the larger MEAs (see Figure 26(a)).  Design of this new tooling is 

described in subsequent sections.  

One concern raised by Goodwin regarding scale up was that the amplitude of 

oscillation drops off away from the tool center (Goodwin, 2006).  However, this 

turned out not to be a problem, as will be discussed later in this chapter. 

With regards to applied bonding pressure, Snelson found that the level used in 

bonding L1 MEAs does not have a large effect on performance (Snelson, 2011). 

This suggests that the MEA performance is a function of sealing energy more 

than pressure. Ideally, the pressure used to seal the A1 MEAs would be 

proportional to that of the L1 size, i.e.  0.44 MPa.  Unfortunately, the pneumatic 

cylinder in the ultrasonic welder could apply a maximum of 0.386 MPa, owing to 
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the larger area of the A1 MEA.  Because of Snelson’s findings, the ultrasonic 

welder was not modified to apply a higher force.  

Since the A1 MEA has a much larger overall dimension than the L1, the potential 

for jamming of the ultrasonic welder is greatly increased. The larger outside 

dimension means that any angular misalignment results in a larger vertical 

displacement. This means that the angular displacement must be tightly 

controlled. Leveling the tooling more accurately was sufficient to address this 

problem. The effects of angular misalignment are shown in Figure 26(b). 

(a)  (b)  

Figure 26: (a) Ultrasonic Welder with 140 cm2 Tooling and (b) Effects of 

Misalignment on Welder Tooling. 

A ‘booster’ in line with the ultrasonic transducer serves to increase the horn 

vibrational amplitude by a specific scaling factor.  The booster used for A1 was 

2.5X booster (i.e. 10 µm vibrational amplitude increased to 25 µm), which is the 

same used for previous L1 MEA fabrication. Initially, this was thought to pose a 

problem with jamming, but leveling the stack was sufficient to prevent it from 

jamming, even with the larger booster. 
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The energy flux used was 0.34 J/mm2. This is higher than the energy used for the 

L1 MEAs at the time the research was performed. This suggests that there may 

be parasitic losses in the bonding process for A1 size. The anvil may be moving 

with the cell, allowing some energy to go into the pneumatic cylinder. 

Decreasing the energy flux to 0.2 J/mm2 did not allow the cells to bond properly. 

Finally, the MEA final compression during bonding was determined by the 

energy and force inputs, so this was not able to be directly controlled. 

4.2.1 Anvil 

The anvils used to bond A1 MEAs were similar to those used for the L1 size. Two 

anvils were produced: a solid anvil for sealing the complete MEA (shown in 

Figure 27 along with smaller L1 version); and an edge-only anvil for welding the 

subgasket to the GDE (shown in Figure 28 along with smaller L1 version).  Both 

A1 anvils had an outside length of about 130.2mm, and a knurled pattern 

machined into the contacting surface, which is believed to hold the MEA in place 

during bonding. A drawing of the anvil is in the Appendix. 
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Figure 27: A1 Bonding Anvil (right) Compared to L1 Bonding Anvil (left). 

 

Figure 28: A1 Welding Anvil (right) Compared to L1 Welding Anvil (left). 
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4.2.2 Using the Existing Horn 

The existing horn, shown in Figure 26(a), used for the L1 MEAs was also used for 

the A1 MEAs. In fact, the L1 MEAs were sized such that they were the maximum 

size possible for the existing horn. 

4.3 MEA Fixturing 

Similar to the 45 cm2 MEAs, the 140 cm2 MEAs were held in a stainless steel 

frame. This frame is compatible with all steps of the manufacturing process. The 

locating holes can be used on the ultrasonic welder, thermal press, and laser 

cutter. The dimensions can be found in the Appendix.  

New laser tooling for the A1 MEAs needed to be developed.  This tooling 

supports the A1 contained in a frame while it is cut out using a CO2 laser. This 

frame is also suitable for cutting out the active area from the subgasket. 

4.4 A1 MEA Testing Hardware 

MEA single cell test hardware is essentially a mini-stack designed to provide 

conditioned reactant gasses, exhaust product gasses, and control temperature 

similar to what a single cell would experience within an actual fuel cell stack.  

Since there was no hardware available test hardware for the A1 MEA size, it had 

to be designed from scratch using the L1 hardware design as a starting point.  

This section describes the design of this hardware. A complete exploded view of 

the test hardware can be found in Appendix 7.4. 

4.4.1 Monopolar Flow Field Plate 

The flow field plates were initially designed as larger analogs of the L1 plates. In 

order to provide optimum performance, the channel design was carefully 

analyzed. The maximum channel width is dependent on the thickness of the 

MEA, and since the A1 and L1 MEAs are nominally the same thickness, the 

channel and land width on the A1 flow field plates was designed to match that of 

the L1 as closely as possible. 
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There are some constraints on the channel width and arrangement: 

 Active area edge length must be equal to an integer number of channels 

and lands. 

 There must be one more channel than land. 

 The channels must be arranged such that a valid configuration is reached 

(i.e. three parallel channels with four bends would give 15 channels and 

four lands). 

 The channels must be the same width, and the lands and channels must 

be the same width. 

From this, some equations can be developed. 

          (99)  

        (100)  

Where n in the number of parallel channels, b is the number of 180° bends, k is 

the total number of channels, and m is the sum of the channels and lands. This 

leads to a few more constraints. From this, it can be inferred that the channel 

width must be equal to the edge length divided by m. However, it is possible that 

there will not be any possible configurations for a given edge length and channel 

width, and this in fact happened initially. Because there is gas diffusion taking 

place in the MEA, the edge length can vary. 

  
 

 
     

 

 
 (101)  

Where lowercase l represents the desired edge length, capital L represents the 

possible edge length, and lowercase w represents the desired channel width. In 

words, the overall edge length can be a maximum of half a channel width 

oversize or undersize. Given these constraints, a solution can almost always be 

found. For this research, a Maple optimization program was used to calculate 

the final pattern. 
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The A1 flowfield plates were made with BMC 950 thermoset. This thermoset 

plastic is specifically designed for fuel cells, and is designed to withstand 

repeated use. The material appears to be brittle in tension, however, as O-rings 

that stick can remove bits of the plates.  

 

Figure 29: Flowfield Plate (Anode or Cathode). 

4.4.2 Current Collector 

The current collector, made of gold-plated copper, was sized to the outside of 

the flow field plate (see Figure 30).  The thickness was minimized to reduce 

costs. A tab is included to connect the current leads from the fuel cell test stand. 

Pass-through holes are cut in the current collector to allow O-rings to pass 

through the insulator and current collector, sealing the end block and flow field 

plate.  
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Figure 30: Current Collector with Current Lead Attached. 

4.4.3 Insulator 

The thickness of the insulator was retained from the L1 test hardware. The area 

was scaled appropriately to match the area of the current collector. PTFE 

(Teflon) sheet was used to make the insulator. This material tends to shrink 

when exposed to high temperature, which means it must be replaced frequently. 

Shrinkage prevents the holes in the current collector and insulator from lining 

up, leading to potential leaks in the hardware. 
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Figure 31: Insulator Showing O-ring Channels. 

4.4.4 End Block 

Because the end block serves multiple functions, it was carefully designed. The 

required gas flow for the larger A1 cells is proportionally higher, and so its inlets 

must be designed to accommodate this. It was found that the current gas lines 

used on the existing test stands were able to accommodate this, albeit at higher 

flow velocities. Therefore, the existing gas fittings were retained. The end block, 

shown in Figure 32, also serves to keep the stack compressed and rigid. 

Therefore, the end block was made rigid enough so that the stack would not 

deflect when under load. The block is made from 0.9” thick 316 stainless steel.  

Clamping was accomplished using eight ¼”-20 bolts passing through the end 

block. This is the same size as is used in the L1 MEAs, as it was determined that 

the bolts could support the necessary load for clamping the A1 MEAs. These 
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bolts are now in the corners and edges so that the load is more evenly 

distributed. Also, placing the bolts in the corners and edges allows them to be 

moved further away from the current collector tabs, minimizing the possibility of 

a short. The alignment holes are analogous and in fact identical to those seen in 

the L1 cell. These serve to keep the stack aligned during component assembly, 

and allow a nonconductive rod to pass through. Finally, the end block has a 

recessed pocket to support the resistive heater. These are covered by a plate, 

which is secured by screws, to minimize heat losses to the ambient. 

 

Figure 32: Interior Surface of End Block. 

  



70 
 

4.4.5 Hardware Assembly Sequence 

 Pass bolts through washers and end block and lay end block on table 

 Insert alignment pins 

 Place insulator on top of end block 

 Place current collector on top of insulator 

 Add O-rings 

 Place cathode plate on top of current collector 

 Add MEA and gaskets 

 Repeat the process for the other side 

 Add washers and nuts to the top of bolts 

 Tighten nuts 

 Add insulating jacket 

 Connect to test stand 

4.5 A1 MEA Cell Performance Testing 

4.5.1 Test Stand Used 

A custom test stand was used to test the larger MEAs. This was constructed by a 

previous graduate student, Michael Kleinigger, in 2010. The main goal of building 

the test stand was to increase the lab’s capacity for testing MEAs; specifically, it 

was designed to test both fuel cell stacks and larger active area MEAs. An AMREL 

PLA2.5K load box was used to operate the MEA. This load box draws a maximum 

of 2500W, with a maximum of 60V or 1000A.  
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Figure 33: MEA Test Stand Used to Test A1 MEAs. 

4.5.2 Polarization Curve Testing 

The polarization curves from the thermally pressed A1 MEAs were used as the 

performance baseline. These were taken to be the standard, as they are what 

the material supplier, BASF Fuel Cell, can already achieve with their standard 

processes. The polarization curves from the ultrasonically bonded MEAs will be 

compared to those of the thermally pressed MEAs. 

Both sets of MEAs were tested in the same manner. The testing procedure was 

broken up into four sections; preheat, burn-in, air polarization curve, and oxygen 

polarization curve. 
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 The preheat simply involved raising the MEA to 120°C. No current is 

drawn at this stage. 

 Burn-in involves running the MEA at 160° C and a low current density, 

0.02 A/cm2 and then 0.2 A/cm2, to drive the excess water out of the MEA. 

The excess water has the potential to flood the hardware and block the 

reaction. The burn-in is performed at a low current density in order to 

minimize the amount of water produced during operation. The cell is run 

at 0.02 A/cm2 for 25 minutes and 0.2 A/cm2 for 400 minutes. 

 Once the burn-in is complete, the polarization curves can be taken, first 

on air and then on oxygen on the cathode side. The air and oxygen 

polarization curves were both taken by stepping the current density from 

0 to 0.1 A/cm2 in increments of 0.01 A/cm2, then from 0.1 A/cm2 to 1 

A/cm2 in increments of 0.1 A/cm2. For the air curve, hydrogen and air 

were used, with stoich rations of 1.2 and 2.0, respectively. For the oxygen 

curve, the reactants were changed to hydrogen and oxygen, at the same 

stoich ratios. The full table of parameters can be found in Appendix 7.7. 

The scale-up process has been shown to successfully produce ultrasonically 

bonded A1 MEAs. The performance of the ultrasonically sealed A1 MEAs on 

H2/Air is, on average, better than the thermally pressed MEAs, although there is 

more variability for the thermally pressed ones, as shown in Figure 34Figure 36.  

The A81XX and A80XX are arbitrary reference numbers assigned to the thermally 

pressed and ultrasonically bonded MEAs, respectively.  However, neither type of 

MEA matches the specification from the manufacturer, BASF, also shown on the 

plots as the ‘baseline’ curve. This is strong evidence that the performance of the 

larger A1 MEAs is independent of the manufacture method, i.e. the ultrasonic 

bonding process scales effectively to the larger A1 size. Neither one matches the 

BASF specification, suggesting that the poor performance is due to faulty 

hardware design and not the MEA bonding process.  This will be addressed in 

more detail later. 
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Figure 34: Polarization Curves for Thermally Bonded A1 MEAs Tested at 160C 

with 1.2/2.0 H2/Air Stoichiometric Ratios. 
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Figure 35: Polarization Curves for Thermally Bonded A1 MEAs Tested at 160C 

with 1.2/2.0 H2/Oxygen Stoichiometric Ratios. 
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Figure 36: Polarization Curves for Ultrasonically Bonded A1 MEAs Tested at 

160C with 1.2/2.0 H2/Air Stoichiometric Ratios. 
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Figure 37: Polarization Curves for Ultrasonically Bonded A1 MEAs Tested at 

160C with 1.2/2.0 H2/Oxygen Stoichiometric Ratios. 
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current densities. The furthest most MEAs were able to reach on air was only 

about 0.4 A/cm2. The low voltage was indicative of significant voltage losses 

from the cell hardware. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1 1.2

V
o

lt
ag

e
 (

V
) 

Current Density (A/cm2) 

BASF Specification as Compared to Pol 
Curves of Ultrasonically Bonded Cells at 

160° C, 1.2/2.0 stoich Hydrogen/Air 

A8006 A8007 A8014 BASF Spec



77 
 

The primary problem observed was that the MEA was being starved of reactant 

gases during operation. The author believes that there was poor gas flow into 

the MEA due to an un-optimized flow field design causing a reduction in voltage. 

One possible cause is the insufficient size of the holes leading into the flow field. 

The small holes are believed to have caused a pressure drop before entering the 

flow field; resulting in increased difficulty of the diffusion of reactant gases. 

Additionally, the reactant gases cannot easily flow into all the parallel channels, 

potentially resulting in poor flow in some channels. 

Leaking in the test cell also contributed to starving the MEA. The O-rings were 

taken from the L1 hardware initially and were not optimized for the A1 size. This 

led to a few problems. The O-rings tended to fall into the gas holes in the end 

block and obstruct the flow, as well as allow the remaining flow to leak. As a 

result, the insulator ends up acting (poorly) as a gasket. 

It was also found that there was a lack of compression in the test hardware. 

Since the flow channels were not aligned between the anode and cathode, some 

locations in the flow field were only in contact with one flow field, instead of 

contacting both or neither. This exerts a bending moment on portions of the 

MEA, instead of placing it in compression as intended. This effect is shown in 

Figure 38 with the anode plate is on top, the cathode plate on the bottom, and 

the MEA purposely excluded. 
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Figure 38: Cross-Sectional View of Misaligned Channels. 

Since the poor performance showed up as an electrical problem (low voltage), 

resistive losses in the test hardware were also considered. The voltage drop in 

the current collector was seen as suspect. It was assumed that the main voltage 

drop across the current collector was from the bottom to the top, as this would 

give the worst-case scenario. The maximum voltage drop across the current 

collector was calculated as follows. 

 
    

 

 
   

(102)  

Where l is the current collector length (0.1778m), A is the cross sectional area 

(1.41*10-4 m2), ρ is the resistivity of copper (1.7*10-8 Ω-m), and I is the maximum 

current (140 A). From this, it can be calculated that the maximum voltage drop is 

approximately 3 mV across the current collector. This is very small and would 

likely be lost in the noise in the measurement. There is also an additional voltage 

drop in the end tab. The voltage drop in the tab can be calculated in the same 

way; however, the area is now 2.01*10-5 m2, and the length is now 0.03175m. 

The resulting voltage drop in the tab is 3.74 mV, also too small to be noticed in 

the noise. 

Finally, there is the potential for a short between the current collector and the 

end block. This is minimized by bending the current collector away from the end 

block, but still presents the opportunity for the current collector to be bent the 

other way and cause a short. 
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4.7 Scaling Up Summary 

Several challenges were present in the scaling of the process. The first was the 

scaling of the tooling. Since the existing system had only been designed for the 

L1 MEAs, new anvils and frames were necessary. Since the A1 was designed to 

represent the largest possible MEA that could be made with the current horn, 

the horn was retained. 

However, retaining the horn presented additional challenges. As noted by 

Goodwin, the vibrational amplitude of the horn drops off with increasing 

distance from its center (Goodwin, 2006). As a result, the lowest amplitude 

should occur in the corners. This was not shown to be a problem. The amplitude 

may drop off, but if so it is not by a sufficient amount to cause the MEA bonding 

process to fail. 

One consideration that was expected to pose a problem in the bonding process 

was the perceived lack of sufficient pressure to seal the MEAs. Because of the 

limitations of the equipment, the maximum pressure that could be achieved was 

approximately 0.386 N/mm2 (MPa), as compared to 0.44 N/mm2 (MPa) for the 

L1 MEAs. This was not shown to be a problem in the bonding process. 

Given the larger overall outer dimension of the A1 MEA, a given angular 

displacement led to a larger vertical displacement at the edge of the horn. This 

resulted in an increased tendency to jam the stack. Initially, it was not possible to 

use the 2.5X booster, as the amplitude was too great. This was addressed by 

leveling the tooling more accurately. 

The required energy flux for successful bonding to occur was found to be higher 

for the A1 MEAs (0.35 J/mm2) as compared to the L1 size, possibly due to greater 

parasitic losses in the A1 tooling, since the ratio of anvil mass to horn mass is 

higher in the A1 tooling than the L1 tooling.  
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Finally, the voltage drop in the test stand was found to be significant. At 88A, the 

voltage drop was approximately 0.6V, indicating a resistance of 6.8 mΩ. This was 

thought to be negligible and accounted for by measuring the voltage at the MEA 

terminals but resulted in incomplete polarization curves. This is due to the 

measurement of voltage at the load box. The load box adjusts its resistance in 

order to draw a constant current at the MEA. The load travels through several 

feet of cable between the load box and the MEA. In these several feet of cable, 

the voltage drops to nearly zero at the load box terminals, preventing the 

polarization curves from being completed due to the inability to go to higher 

currents. 

The polarization curve testing for the A1 MEAs was analogous to that of the L1 

MEAs. The protocol followed the same temperature and current density profile; 

the most significant difference was the scaling of the gas flows. Neither the 

ultrasonically bonded MEAs nor the thermally bonded MEAs exhibited 

performance matching the BASF specification, but the performance between 

methods was consistent. 

  



81 
 

5. CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

The model illustrates the dependence of the temperature rise on the power 

input from the welder. Unfortunately, since the model did not work, it is difficult 

to draw many conclusions. However, some observations can be made about the 

difficulty of the problem. The model worked with a simplified test case, and so it 

can be concluded that mathematically it is correct.  However, the model 

produced no results when tested with the actual material parameters. Several 

configurations were attempted (i.e. eight first order ODEs vs four second-order 

ODEs), but none were successful. This indicates the complexity of the problem. 

The work performed for this research in scaling of the ultrasonic bonding process 

failed to produce MEAs that exhibited the desired voltage performance. 

However, both the ultrasonically bonded and the thermally bonded MEAs 

exhibited similar performance. These combined indicate that the reduced 

performance was due to poor hardware design. It is theorized that poor reactant 

gas flow into the test cell contributed to the voltage drop. Additionally, resistive 

losses in the test cell were considered as a likely candidate.  

5.2 Future Work 

In order to bring together both the modeling and A1 work, the model should be 

verified with the process parameters for the A1 bonding process. This will help to 

confirm the model’s validity and the appropriateness of scaling the area. 

Additionally, when the larger CHP-size MEAs are produced, the model should be 

confirmed with them as well. Finally, the model could be reduced in complexity 

or translated to a different program to increase the chances of the solver 

running to completion. 

There are other aspects of modeling the MEA bonding process that were outside 

the scope of the current research. The diffusion of the phosphoric acid into the 
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GDL remains a topic of interest, and characterizing the behavior would lead to a 

greater understanding of the actual bonding. 

New flow field plates have been developed and are currently under testing. It is 

theorized that the flow field plates limit the maximum possible reaction rate 

(starving the MEA). The new flow field plates have the potential to produce 

polarization curves matching the BASF specification. Additionally, the better 

sealing design minimizes leaks and pressure losses. 

Additionally, it is desired to apply the lessons learned and techniques used in the 

model to Nafion-based MEAs. These are ultrasonically bonded as well, and 

modeling the behavior would allow the model to be used for the Nafion 

materials. 

  



83 
 

6. REFERENCES 

"2350 Series Low-Profile Load Cells." Instron. Illinois Tool Works Inc., n.d. Web. 4 

Dec. 2012. 

<http://www.instron.us/wa/acc_catalog/prod_list.aspx?cid=478&cname

=2530 Series Low-Profile Load Cells>.  

"4.4 Fuel Cells." Distributed Generation Consortium. Energy Solutions Center, 

2004. Web. 4 Dec. 2012. 

<http://www.poweronsite.org/AppGuide/Chapters/Chap4/4-

4_Fuel_Cells.htm>.  

"5. Gasoline vs. Hydrogen." 40 Fires Foundation. Riversimple, LLP, 28 Aug. 2010. 

Web. 4 Dec. 2012. <http://www.40fires.org/Wiki.jsp?page=Hydrogen 

Safety - 5. Gasoline Vs. Hydrogen>.  

Armstrong, Peter, Ph.D, and Greg Sullivan, P.E. and C.E.M. "Assessment of 

Packaged PEM Fuel Cell CHP Systems." Cogeneration and Distributed 

Generation Journal 2006th ser. 21.2 (2009): 25-46. Taylor and Francis 

Online. Taylor and Francis Group. Web. 4 Dec. 2012.  

"Benefits." Fuel Cells 2000. Fuel Cells 2000, n.d. Web. 4 Dec. 2012. 

<http://www.fuelcells.org/fuel-cells-and-hydrogen/benefits/>.  

Case Study: Fuel Cells Provide Combined Heat and Power at Verizon's Garden City 

Central Office. N.p.: U.S Department of Energy, n.d. U.S. Department of 

Energy, Energy Efficiency and Renewable Energy. U.S. DOE, 2010. Web. 4 

Dec. 2012. 

<http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/fccs_verizon1

0.pdf>.  

"Celtec MEAs. Membrane Electrode Assemblies for High Temperature PEM Fuel 

Cells." BASF Fuel Cell. BASF, n.d. Web. 4 Dec. 2012. <http://www.fuel-



84 
 

cell.basf.com/ca/internet/Fuel_Cell/en_GB/function/conversions:/publis

h/content/Microsite/Fuel_Cell/6546_Produktblatt_CeltecMEAs_2_Ansich

t.pdf>.  

Coleman, Robert E., and Neil Coleman. "Dynamic Defect Detection Part 1: Theory 

of Vibrational Analysis." Sensors Weekly. Questex Media Group LLC., 1 

Aug. 1999. Web. 4 Dec. 2012. <http://www.sensorsmag.com/da-

control/dynamic-defect-detection-part-1-theory-vibrational-analysis-

824>.  

De Castro, Emory. "PBI-Phosphoric Acid Based Membrane Electrode Assemblies: 

Status Update." Lecture. Molten Carbonate Fuel Cells (MCFC) and 

Phosphoric Acid Fuel Cells (PAFC) Workshop. Palm Springs Convention 

Center, Palm Springs, CA. 4 Dec. 2012. The Office of Energy Efficiency and 

Renewable Energy. U.S. DOE. Web. 4 Dec. 2012. 

<http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/mcfc_pafc_w

orkshop_de_castro.pdf>.  

"DuPont Kapton Polyimide Film." DuPont. E. I. Du Pont De Nemours and 

Company, n.d. Web. 4 Dec. 2012. 

<http://www2.dupont.com/Kapton/en_US/assets/downloads/pdf/Gen_S

pecs.pdf>.  

Frantz, Jeffrey. "Joining Plastic." Machine Design 69.3 (2002): 61. Machine 

Design. Machine Design, 15 Nov. 2002. Web. 5 Dec. 2012. 

<http://machinedesign.com/article/joining-plastic-1115>.  

Goodwin, Charles. Ultrasonic Bonding of Thin, Flexible, Mixed Composition 

Materials. Thesis. Rensselaer Polytechnic Institute, 2006. N.p., n.d. Print.  

Kelly, Piaras. "Solid Mechanics Part I: Introduction to Solid Mechanics." Piaras 

Kelly. The University of Auckland, n.d. Web. 4 Dec. 2012. 



85 
 

<http://homepages.engineering.auckland.ac.nz/~pkel015/SolidMechanic

sBooks/Part_I/BookSM_Part_I/Part_I_Cover_Pages.pdf>.  

Lesperence, David. Performance Testing of High-Temperature Membrane 

Electrode Assemblies for PEM Fuel Cells. Thesis. Rensselaer Polytechnic 

Institute, 2010. N.p., n.d. Print.  

O'Hayre, Ryan P. Fuel Cell Fundamentals. Hoboken, NJ: John Wiley & Sons, 2006. 

Print.  

"PEM Fuel Cells." Neutron Imaging Facility. National Institute of Standards and 

Technology, May 2006. Web. 5 Dec. 2012. 

<http://physics.nist.gov/MajResFac/NIF/pemFuelCells.html>.  

Pyzza, Jake. Implementation of Ultrasonic Welders in Automated High 

Temperature PEM Fuel Cell Membrane Electrode Assembly 

Manufacturing. Thesis. Rensselaer Polytechnic Institute, 2011. N.p., n.d. 

Print.  

Ramani, Vijay. "Fuel Cells." The Electrochemical Society Interface (2006): 41-44. 

The Electrochemical Society. The Electrochemical Society. Web. 4 Dec. 

2012. <http://www.electrochem.org/dl/interface/spr/spr06/spr06_p41-

44.pdf>.  

Ramani, Vijay, H. Russell Kunz, and James M. Fenton. "The Polymer Electrolyte 

Fuel Cell." The Electrochemical Society Interface (2004): 17-19-45. The 

Electrochemical Society. The Electrochemical Society. Web. 4 Dec. 2012. 

<http://www.electrochem.org/dl/interface/fal/fal04/IF8-04-Pages17-

19,45.pdf>.  

Share, Dylan. Sealing of High-Temperature PBI Membrane Electrode Assemblies 

Used in Fuel Cells. Thesis. Rensselaer Polytechnic Institute, 2010. N.p., 

n.d. Print.  



86 
 

Snelson, Todd T. Ultrasonic Sealing of PEM Fuel Cell Membrane Electrode 

Assemblies. Diss. Rensselaer Polytechnic Institute, 2011. N.p., n.d. Print.  

"Static Axial Clip-On Extensometers." Instron. Illinois Tool Works Inc., n.d. Web. 4 

Dec. 2012. 

<http://www.instron.us/wa/acc_catalog/prod_list.aspx?cid=440&cname

=Static Axial Clip-on Extensometers>.  

Tingelof, Thomas, and Jari K. Ihonen. "A Rapid Break-In Procedure for PBI Fuel 

Cells." International Journal of Hydrogen Economy 34.15 (2009): 6452-

456. Science Direct. Elsevier B.V. Web. 4 Dec. 2012. 

<http://dx.doi.org/10.1016/j.ijhydene.2009.05.003>.  

"Types of Fuel Cells." FCT Fuel Cells: Types of Fuel Cells. U.S. DOE, 30 Nov. 2012. 

Web. 04 Dec. 2012. 

<http://www1.eere.energy.gov/hydrogenandfuelcells/fuelcells/fc_types.

html>.  

Ziomek, William. Design and Testing of an Experimental Ten-Cell High 

Temperature PEM Fuel Cell Stack. Thesis. Rensselaer Polytechnic 

Institute, 2012. N.p., n.d. Print. 

  



87 
 

 

7. APPENDICES 

7.1 Maple Code Used to Model Vibrational System 
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7.2 Ultrasonic Tooling Drawings 

 

 



92 
 

 

 

 



93 
 

 



94 
 

 

 

 



95 
 

 

 



96 
 

 

 



97 
 

 



98 
 

 

 



99 
 

  



100 
 

7.3 Thermal Press Tooling Drawings 
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7.4 Test Cell Hardware Drawings
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7.5 Laser Cutter Tooling Drawings



123 
 



124 
 



125 
 

 

 

 



126 
 

7.6 MEA Drawings
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7.7 Polarization Curve Test Parameters 
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40 120 155 230 0 0 0 0 1 0 

25 160 155 230 0.02 1 0 0 1 0 

400 160 0 0 0.2 1 0 0 1 0 

2 160 50 100 0.01 0 0 0 1 0 

2 160 50 100 0.02 0 0 0 1 0 

2 160 50 100 0.03 0 0 0 1 0 

2 160 50 145 0.04 0 0 0 1 0 

2 160 62 238 0.05 0 0 0 1 0 

2 160 74 285 0.06 0 0 0 1 0 

2 160 86 330 0.07 0 0 0 1 0 

2 160 97 377 0.08 0 0 0 1 0 

2 160 108 424 0.09 0 0 0 1 0 

2 160 120 468 0.1 0 0 0 1 0 

2 160 237 933 0.2 0 0 0 1 0 

2 160 353 1394 0.3 0 0 0 1 0 

2 160 470 1858 0.4 0 0 0 1 0 

2 160 590 2318 0.5 0 0 0 1 0 

2 160 710 2778 0.6 0 0 0 1 0 

2 160 830 3238 0.7 0 0 0 1 0 

2 160 950 3698 0.8 0 0 0 1 0 

2 160 1070 4158 0.9 0 0 0 1 0 

2 160 1190 4618 1 0 0 0 1 0 

20 160 237 933 0.2 0 0 0 1 0 

5 160 930 2325 0 0 0 0 0 0 

3 160 930 2325 0.2 0 0 0 0 0 

7 160 0 0 0.2 1 0 0 0 0 

2 160 50 100 0.01 0 0 0 0 0 

2 160 50 100 0.02 0 0 0 0 0 

2 160 50 100 0.03 0 0 0 0 0 

2 160 50 100 0.04 0 0 0 0 0 

2 160 62 100 0.05 0 0 0 0 0 

2 160 74 100 0.06 0 0 0 0 0 
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2 160 86 100 0.07 0 0 0 0 0 

2 160 97 100 0.08 0 0 0 0 0 

2 160 108 100 0.09 0 0 0 0 0 

2 160 120 107 0.1 0 0 0 0 0 

2 160 237 203 0.2 0 0 0 0 0 

2 160 353 295 0.3 0 0 0 0 0 

2 160 470 394 0.4 0 0 0 0 0 

2 160 590 490 0.5 0 0 0 0 0 

2 160 710 590 0.6 0 0 0 0 0 

2 160 830 690 0.7 0 0 0 0 0 

2 160 950 784 0.8 0 0 0 0 0 

2 160 1070 880 0.9 0 0 0 0 0 

2 160 1190 976 1 0 0 0 0 0 

60 160 237 933 0.2 0 0 0 1 0 

5 160 930 2480 0.2 0 0 0 1 0 

5 160 620 930 0 0 0 0 1 0 

60 20 124 0 0 0 1 0 1 0 

5 20 0 0 0 0 1 1 1 0 
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7.8 Membrane and Electrode Constant Force Testing Results 

7.8.1 Membrane 

 

Figure 39: Membrane Constant Force Data, First Trial 
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Figure 40: Membrane Constant Force Data, Second Trial 
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Figure 41: Membrane Constant Force Data, Third Trial 
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Figure 42: Membrane Constant Force Data, Fourth Trial 
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7.8.2 Electrode 

 

Figure 43: Electrode Constant Force Data, First Trial 
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Figure 44: Electrode Constant Force Data, Second Trial 
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Figure 45: Electrode Constant Force Data, Third Trial 
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Figure 46: Electrode Constant Force Data, Fourth Trial 
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