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ABSTRACT 

Fuel cells have a huge prospect to replace the burning of fossil fuels in the future energy 

marketplace.  Research in various fields related to fuel cells has been conducted to meet 

the needs of future demand and technology.  Robotic stack assembly technology, as one 

of the most important fuel cell manufacturing challenges, has not been brought onto the 

forefront till 2005 at Rensselaer Polytechnic Institute.  This thesis presents the detailed 

construction process and layout planning in an automated fuel cell stack assembly 

system with two Adept robots at Center for Automation Technologies and Systems of 

Rensselaer Polytechnic Institute.  Analysis of the key metrics (e.g., cycle time, 

production rate, efficiency) of the automated assembly system has been carried out to 

provide a cause – and – effect understanding between the layout planning and the 

manufacturing performance.  This robotic assembly system is capable to fully automate 

the fuel cell stack assembly process: the sandwiching of MEAs, bipolar plates and 

gaskets as well as the endplates clamping process with bolts and washers.  New cell 

planning with part feeders, end effectors, sensors, and controls has been integrated into 

this Adept robotic assembly system compared with the previous Kuka’s version 

(Laskowski, 2007).  The Adept’s version works reliably with a higher robot speed 

programmed than the Kuka’s one.  It is predicted that the current assembly system 

render a relatively high production rate at 25.9 pc/hr under a non – defect circumstance.  

Robot simulation technology has been introduced to optimize the layout planning in the 

future. 

 

 

 



 

1. Introduction and Historical Review 

Fuel cells, as one of the alternative technologies, provide a promising solution to the 

possible energy crisis in the near future.  The following chapters review the fuel cell 

architecture, industry and its applications as well as the challenging issues in fuel cell 

manufacturing and automation in stack assembly. 

1.1 Fuel Cell Industry and Hydrogen Economy 

The rapid development in modern society brings up the increasing demand in 

consumption of energy.  The current dominating energy supply, fossil fuels, is gradually 

stepping into the stage of depletion.  The limited fossil fuels resources raise the tensions 

and conflicts among the countries in the global economy.  The sky rocket oil price in the 

summer 2008 is the case in point.  Moreover, the massive usage in fossil fuels in the past 

few centuries causes the environmental issues in global warming and pollution.  The 

increasing demand of energy usage from the fast growing economies in some developing 

countries escalates these environmental issues.  Clean and sustainable energy resources 

are becoming more and more important for the long term development in high quality 

life for the people all over the world.  Endeavors in looking for alternative energy 

technologies, including fuel cell, solar, wind, hydroelectric power, bio - energy, 

geothermal energy have been devoted in the world.  These technologies are in different 

stages of development, and have limitations in real world applications.   

Fuel cells are viewed to be one of the most potential alternative power 

technologies.  Fuel cells can utilize different fuels (e.g., hydrogen, methanol) to generate 

power, and the only by – products are oxygen and heat compared to the pollutants 

(carbon monoxide) generated by other fuels (Spiegel, 2007).  Fuel cells have been 

researched widely in industry (Walczyk & Puffer, 2009): laptop computer (IBM, 2005), 

public transportation (Mercedes, 2009) and automobile industry (GM, 2009), etc.  

 Hydrogen, as the major fuels for fuel cell, has many beneficial characteristics 

compared with other fuels, e.g., the capabilities of being stored in many forms; high 

efficiencies in converting to electricity; reliability in storage and transportation.  The 

hydrogen economy is at its early stage of development, and its high cost in production, 

storage and transportation becomes one of the obstacles to commercialize the hydrogen 
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industry.  Several hydrogen refueling stations have been built worldwide since the 

1990s.  R & D projects in hydrogen and fuel cell are supported by governments (US 

DOE), private organizations, public companies (Plug Power & GM, 2009) in the world.  

The hydrogen economy is on its way to replace the burning of fossil fuels for a better 

tomorrow of the world.  

1.2 Fuel Cell Architecture 

Fuel cell technology has a long history dated back to its discovery in 1836 (W. Grove).  

The basic fuel cell concept is shown in Figure 1 (a).  Fuel cells convert chemical energy 

of the reactants directly into electricity and heat.  The fuels are fed in the anode side with 

oxidant fed in the cathode side.  The reactions take place in the electrolyte between the 

anode and cathode sides to generate electricity.  Fuel cells have been evolving since their 

first appearance.  There are varieties of fuel cells depending on the resources of fuels 

used.  The common ones are proton exchange membrane (PEM) fuel cells, Direct 

Methanol fuel cells, solid oxide fuel cells, molten carbonate fuel cells, phosphoric acid 

fuel cells and alkali fuel cells.  The dominating types of fuel cells are PEM fuel cells and 

direct methanol fuel cells based on the market share study conducted by Fuel Cell Today 

(2006).   

  

(a) (b) 

Figure 1  Fuel Cell Working Mechanisms (Walczyk & Puffer, 2009). 

 (a): Fuel Cell Concept  (b): Schematic Configuration in a Generalized PEM Fuel Cell 
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 The current research focuses primarily on the PEM fuel cells at CATS of RPI 

(www.cats.rpi.edu).  Figure 1 (b) shows the basic configuration of a generic PEM fuel 

cell.  Hydrogen is oxidized in the anode side and oxygen is consumed at the cathode 

side.  The electricity is generated by the transportation of protons from the anode to 

cathode through the electrolyte and electrons being carried to external circuit. The 

reactions of PEM fuel cells are listed as follows (Spiegel, 2007): 

Anode:                        
2( ) 2 ( ) 2H g H aq e     

Cathode:                     2 21/ 2 ( ) 2 ( ) 2 ( )O g H aq e H O l      

Overall:                      2 2 2( ) 1/ 2 ( ) ( )H g O g H O l   + electric energy + waste heat  

 

Figure 2  Typical PEM Fuel Cell Stack Construction (Woodman et al, 1999). 

Figure 2 shows the configuration of a typical PEM fuel cell stack.  The reactions 

occur in the membrane electrode assembly (MEA).  MEAs consist of several layers: 

proton exchange membrane, catalyst layer, gas diffusion layer and sealing gasket (if 

necessary).  The common types of MEAs have 3, 5, 7 layers depending on the 

applications.  The MEA is placed between two bipolar plates.  Paths engraved in the 

bipolar plates help distribute the reactant gaseous flows.  For the three and five layers 

MEAs, the gaskets are separate parts placed between the MEAs and bipolar plate to 

prevent the flow leakage.  By stacking up the repeating units, e.g., bipolar plates, MEAs, 

http://www.cats.rpi.edu/
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gaskets, the PEM fuel cells stack reach the designed power capacity.  Finally, two 

endplates are used to clamp the stack together.  A proper clamping process by bolts and 

washers help the uniform distribution of stress both in the stack and the endplates. 

1.3 Stack Assembly in Fuel Cell Manufacturing 

With the production volume and demand of fuel cells expected by DOE (DOE Hydrogen 

Program, 2005) in 2025, the foreseeable challenge lies in the transformation from 

current early –stage low volume, high quality and high cost (currently around $100/KW) 

to high volume, high quality and low cost ($30/KW in 2025).  To support this 

transformation, it is highly desirable to develop cost – effective manufacturing 

technologies for fuel cells thus meeting the customer demand in the future. Fuel cell 

manufacturing is at its early stage of development, most of the manufacturing has been 

conducted in the laboratories with traditional fabrication processes and not scaled up to 

the needs of high – volume production.  Innovative fabrication methodologies with new 

materials are beneficial in fuel cell manufacturing breakthroughs.  According to DOE, 

manufacturing R&D is needed on the following technologies: Membrane electrode 

assembly; Bipolar plates and cell stack assembly; Water and thermal management 

subsystems; Hydrogen and oxygen management subsystems.    

 Current stack assembly process is a labor intensive project.  The stack assembly 

is repetitive with large quantities of bipolar plates, MEAs and gaskets.  D. Wheeler and 

G. Sverdrup pointed out the manufacturing gaps in cell stack assembly in 2007 as 

follows: “The equipment for rapidly assembling cell stacks has not been developed and 

is a manufacturing gap.  Currently, PEM cell stacks are assembled manually.  Rapid 

assembly equipment does not exist.  Aligning the MEAs, bipolar plates, and end plates is 

critical to preventing the buildup of stress on cells when the stack is placed under 

compressive load.  Furthermore, manufacturers also need to develop quality control 

methods for rapid alignment of cell stack components. Correlations between cell 

alignment and cell stack durability need to be established.”  Stack assembly plays as the 

final step in the fuel cell manufacturing processes.  In order to close the gaps mentioned 

above, the first step is to develop the automation in fuel cell stack assembly. 
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1.4 Automated Fuel Cell Stack Assembly 

The Industrial Automation Lab (Formerly Flexible Manufacturing Center) at CATS of 

RPI took this first step in developing automated PEM fuel cell stack assembly system 

(RPI news & events, 2005).  With the donation from Kuka Robot Group, a functional 

fuel cell stack assembly system was built in summer 2007.  Shown in Figure 3, the 

original assembly plan has 3 Kuka Robots to grip and place the MEAs, gaskets and 

bipolar plates sequentially onto the workstation.  The cart moving on the linear track 

served as the workstation.  The ovular manufacturing line concept was originally 

adopted for this cell assembly plan.  The assembly plan achieved the concept of 

sandwiching the MEAs, gaskets and bipolar plates together in a relatively low robot 

speed profile.  This results in a low throughput of the manufacturing system.  The 

assembly of endplates with clamping process was not included due to the limited time.  

The research object was the TDM Flex – Stak Fuel Cell (TDM Fuel Cell Store, 2009) 

with 5 cells in one stack (Figure 4 (a)).   

 

Figure 3  Manufacturing Cell Assembly Plan with Kuka Robots (Laskowski, 2007) 
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 The Kuka’s robotic assembly cell sheds the first light on the research in 

automated fuel cell stack assembly.  A new version of automated stack assembly has 

been initiated by the collaboration with Adept Technology.  Two Cobra SCARA robots 

from Adept were used.  This new version aims to assemble the educational TekStak 5 

cell stack from Parker (Figure 4 (b)), which includes the endplates clamping assembly 

and the stack sandwiching.  The overall configuration between the TekStak and TDM is 

similar, but they have different sizes in each component.   

  

(a) (b) 

Figure 4  Research Objects 

(a): TDM 5 Cell Stack in the Kuka’s Version (Laskowski, 2007) (b): TekStak 5 Cell 

Stack in the Adept’s Version 

 

 The table of the robotic assembly station and the cart continues its service in the 

new version of automated stack assembly system.  Improved design and customization 

work has been conducted in this new assembly system.  The Adept robots are 

programmed to run at a high speed with the capability to handle the parts elegantly.  The 

following chapters discuss the detailed construction of Adept robotic fuel cell assembly 

system.  
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2. Method of Procedures 

This chapter discusses the methodologies in constructing robotic production lines.  

Manufacturing theory in automated production systems and industrial robots 

applications design are essentials in a computer – integrated manufacturing background.  

2.1 Manufacturing Methodology of Fuel Cell Stack Assembly  

Fuel cell stack comprises of multiple components assembled together.  The assembly 

process is highly repetitive and tiring depending on the size of the stack.  The selected 

research object, educational TekStak Fuel Cell, has the components dispersed in Figure 

5.  The TekStak is a relatively small and simple fuel cell compared to the commercial 

available ones.  It makes the institutional research in constructing assembly station 

practical in terms of space and cost.  The single – mode assembly line is chosen for its 

fixed product variety in the current research.  This chapter will scrutinize the 

manufacturing theory in sequence of assembly operations, perspective solutions of 

assembly line construction and quantitative analysis of assembly systems.  

 

Figure 5 Components of TekStak Fuel Cell 
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2.1.1 Sequence of Operations  

The detailed manual assembly process is provided by TekStak Users Manual.  The key 

components for a functional fuel cell are endplates, bipolar plates, gaskets, MEAs, 

current collector, bolts and washers.  The current collector could be considered as a part 

of an endplate for the TekStak Fuel Cell in its compatibility with binding them two 

together.  The quantity of each component in Figure 5 is summarized in Table 1.  

Table 1: Quantity of Each Component in a 5 Cell TekStak Fuel Cell Stack 

Assembly 

Components Quantity 

Endplates 2 

Graphite Bipolar Plates 6 

Gaskets 10 

MEAs 5 

#10 Washers 8 

#10 – 32 Bolts  8 

Current Collector 2 

 

 

Figure 6  Fuel Cell Stack Assembly Process Chart 
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The stack assembly process is illustrated in Figure 6.  Bipolar plates, gaskets and 

MEAs are assembled sequentially through the guide pin placed diagonally in the 

endplate.  These components are clamped by two endplates.  The bolts and washers are 

assembled by a wrench or a screwdriver with a torque limiter to connect the two 

endplates together.  The repetitive process largely consists of the stacking up process and 

the bolts fastening process.   

2.1.2  Manual Assembly Line  

The current status for fuel cell stack assembly is mainly manual assembly (e.g., 

Plugpower, TekStak).  Manual assembly has been prevailing for hundreds of years.  

Typical manual assembly lines consist of a sequence of workstations where human 

workers perform the assembly tasks (Groover, 2007).  Manual assembly lines are usually 

adopted in the economical side for finding a large amount of cheap labor and facility.  At 

current demand of fuel cells, the manual assembly might be economically feasible.  

Therefore, investigation in manual assembly approaches is desirable before directly 

stepping into the automation in fuel cell stack assembly.  Detailed data analysis will be 

presented in Chapter 4.  

 

Figure 7  Configuration of a Generic Assembly Line (Groover, 2007) 

2.1.3 Single – Station Automated Assembly Station 

The study in perspective manual assembly lines provides some guidance in constructing 

the automated assembly station.  In the previous Kuka Robotic Assembly Cell, the half 

ovular assembly flow path was originally adopted using the movement of linear cart 

(Laskowski, 2007).  It was found that the repetitive back and forth movement of the 

linear cart is time consuming.  In order to increase the efficiency and productivity, the 

linear track is fixed on the table serving as the base part.  The mode of single – station 
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automated assembly station is introduced to tackle the construction mode in stack 

assembly system.  Shown in Figure 8, multiple components are fed into the system, 

where robots pick them up then assemble them onto the stationary base part station.   

 

Figure 8  Configuration of Single - Station Automated Assembly System (Groover, 

2007) 

The finished products are removed from the station after the completion of 

assemblies.   The application is widely used in component insertion machine.  Fuel cell 

stack assembly with the repetitive processes of component insertion (e.g., bipolar plates, 

gaskets, MEAs, bolts, washers) is a good match for this type of automated assembly 

station.  

2.1.4  Theory of Quantitative Analysis of Assembly Systems 

Specifications of an assembly system, such as production rate, efficiency and cost, are 

determined by the quantitative analysis.  A good mathematical analysis provides the 

cause – and – effect understanding between the rates and systematic constructions in 

assembly systems.  The manufacturing theory is applied to single mode assembly lines 

in the following discussion. 

 The assembly line should be designed to achieve a required hourly production 

rate, pR , to satisfy the demand for the product 

50

a
p

w sh

D
R

S H
                                                                                                                   (1) 
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where pR is average hourly production rate (units/hr); 
aD  is annual demand for the 

single product to made on the line (units/yr); 
wS  is number of shifts/wk; 

shH  is number 

hours/shift.  The operation line operates 50 weeks instead of 52 weeks a year. The DOE 

target sale of fuel cell cars is 500,000 cars / year by 2025 (Ray Puffer, 2009).  Assuming 

the stack assembly company operates at 24hours/7shifts for 50 weeks a year, the 

required hourly production rate is 59.5 stacks, which is almost 1 stack per minute.  The 

number of cells in one stack in a fuel cell car can be from 100 to 500 depending on the 

size of effective area of MEAs.  In order to cope with the current research in assembly 

station, it is reasonable to scale the object of fuel cell cars (Hundreds of Cells) into the 

educational fuel cell troy cars (TekStak 5 Cell Fuel Cell).  Therefore, the target assembly 

rate for TekStak 5 cell fuel cell can be set to 1 stack/min.  

 For the manual assembly line, several stations are placed sequentially to perform 

the assigned tasks.  The cycle time is determined by the bottleneck station.  The service 

time siT  is the time assigned to each assembly station to perform the task, while the 

repositioning time rT  is time that the assemblies travel from one station to the next.  The 

cycle time for a manual assembly station is defined as: 

c s rT T T                                                                                                                          (2) 

 For each station, the service time is defined as siT .  A proper distribution of 

service time among each station prevents the starving or blocked flow of material 

between each station.  The line balancing problem is introduced to distribute the 

workload evenly among the stations (Groover, 2007 & Rekiek, 2006).  The 

mathematical expression is as follows: 

1

( )
w

s si

i

Minimize T T


                (3) 

Subject to :  ek s

k i

T T


  and all precedence requirements are obeyed 

where ekT  is the time of each work element.  

 For the automated assembly system, defective parts occur in the assembly 

machines, which affect the yield, production rate, efficiency and cost (Groover, 2007).  

Let q be the defect rate in assembly and m be the probability that a defect results in a 
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jam at the station and consequential stoppage of the line, where 0 1;0 1q m    .  

Three cases are rendered as follows: 

1. The component is defective and causes a station jam, the probability is mq ; 

2. The component is defective but does not cause a jam, the probability is (1 )m q ; 

3. The component is not defective, the probability is (1 )q . 

 Several assembly steps are required to complete the task in a single – station 

assembly system.  The yield of the system is interpreted as:                                                                                                              

1

(1 )
n

ap i i i

i

P q m q


                                                                                                        (4) 

The proportion of good assemblies is:  

1

1 (1 )
n

qp i i i

i

P q m q


                                                                                                     (5) 

The downtime occurrence is:  

1

n

i i

i

F m q


                                                                                                                       (6) 

Let dT  be the downtime of the assembly system caused by jam, the average production 

time per assembly is given as follows: 

1

n

p c i i d

i

T T m q T


                                                                                                             (7)

 

where cT  is the ideal cycle time of the assembly system.   

The production rate is:  
1

p

p

R
T

                                                                                      (8) 

The efficiency of the line is:  c

p

T
E

T
                                                                               (9) 

2.1.5  Inspection & Quality Control 

Quality control system is crucial to monitor the performance of a manufacturing system.  

The fuel cell production lines are still at the early stage of research.  The quality control 

issue was not brought onto the forefront till the workshop of DOE in 2005.  In the next 

few years, several projects between the NREL and DOE will start to tackle the 
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development of in-line quality control system (Stanfield, 2008 & Ulsh, 2008).  No 

complete in – line quality control system has been developed.  Moreover, the real – time 

correlation of quality control parameters with durability and performance of fuel cells 

has not been established.  The in – line quality systems are known to provide continuous 

process improvement of critical quality variables. The research in process control 

applications, such as CUSUM, SPC, Six Sigma, should be conducted in fuel cell 

industry. 

In fuel cell manufacturing, quality control parameters have been systematically 

defined by NREL (D. Wheeler, 2007): “ 

 MEAs 

Membrane uniformity;  Catalyst distribution;  Catalyst layer thickness; Catalyst layer 

porosity;  GDL thickness uniformity;  GDL porosity uniformity; Microlayer composition 

and distribution of particles;  Registration and alignment of the anode catalyst layer with 

the cathode catalyst layer. 

 Bipolar plates  

Flatness and parallelism of the preforms and plates;  Uniformity of the flow field depths 

and widths;  Quality of the bonding of the preforms to fabricate a bipolar plate;  Quality 

of the welds for sheet metal bipolar plates. 

 Seals 

Alignment of the seals for CCM and GDE manufacture;  Seal thickness for the CCM and 

GDE manufacture;  Seal alignment and flow characteristics in the assembly of PEM cell 

stacks;  Compressive load distribution on the seals during cell stack assembly. 

 Cell Stack Assembly  

Rapid measurement of the alignment and registration of the cells can prevent the buildup 

of stresses at the edges of the cells when the stack is under compressive load.”  
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2.2 Industrial Robots Application  

Industrial robots are the key element to perform the assigned tasks in the automated 

systems.  They have wide applications in assembly, welding and sealing, etc.  The 

advantages of utilizing the industrial robots lie in their capabilities in high speed, high 

accuracy, and repetitive assembly.  The following chapters will discuss the selection in 

configurations of robots, layout in the robotic assembly cell, characteristics of robots and 

comparisons with manual production systems. 

2.2.1 Adept SCARA Robot 

The Industrial Automation Lab at CATS works closely with Adept Technology.  Two 

SCARA (Selective Compliance Assembly Robot Arm) robots are provided by Adept to 

construct the second version of fuel cell stack assembly system.   

 The SCARA robot has the highest speed and best repeatability of any robot 

configuration.  The robot is used for precision, high – speed and light assembly 

(Hoshizaki, 1990).  It is dedicated to the vertical – direction assembly, which matches 

the targeted fuel cell stack assembly processes.  Shown in Figure 9, the adept robot has 4 

joints: Joint 1 and Joint 2 are rotary joints providing the main rotation of the robots; Joint 

3 is responsible for vertical motion; Joint 4 rotates the end effector to perform the tasks.  

It is obvious that the robot holds the parts in a perpendicular direction.  

 

Figure 9  Adept SCARA Robot (Adept User Manual, 2007) 
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2.2.2 Robot Speed and Cycle Time 

The robot speed and cycle time is essential for predicting the production rate of a robotic 

production plant.  The robot speed, given by the vendors, is the maximum working 

velocity a robot axis can attain.  The speed of Adept robot is determined by the 

multiplication of two factors: the program speed and the monitor speed (V+ 

Programming, Adept User Manual, 1998).  During the operation that a robot moves from 

one point to another, the speed of the robot experiences three phases: an acceleration 

phase that the robot accelerates to the maximum speed; a velocity phase that robot 

moves at a constant speed not exceeding the specified maximum speed; a deceleration 

phase that robot decelerates to a stop (Figure 10 (Case 1)).  In some cases, the set 

maximum speed is too high to make the robot moving at a constant speed after 

acceleration, therefore, the robot decelerates immediately after the robot accelerates to 

the maximum speed (Figure 10 (Case 2)).  The total cycle time takes the servo delay 

time before robot movement into consideration. 

 

Figure 10  Speed Profile of a Generic Industrial Robot (Hoshizaki, 1990) 

Case 1: Three Phases of Speed; Case 2: Two Phases of Speed. 
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One should note that the speed profile shown in Figure 10 is idealized in that the 

acceleration and deceleration are constant.  It makes the mathematical approximation 

easier than the polynomials approximation in robot speed (Snyder, 1985).  Case 1 

represents the most of scenarios, the mathematical expression of cycle time is 

approximated as follows: 

/ m a sT D V T T                                                                                                            (10) 

 Case 2 represents the undesirable scenarios, the mathematical expression of cycle 

time is approximated as follows: 

1/22[ ]a
s

m

DT
T T

V
                                                                                                            (11) 

where:  T  is the cycle time of a robot;   

sT  is the servo delay time that the servomotors take to start after receiving the 

command;   

aT  is the time of a robot accelerates to a maximum speed;  

mV  is the maximum speed of a robot can reach;   

D  is the distance that the robot travels by distance.  

From Equation (10), it can be found that if two robots have equal maximum 

speeds with different acceleration times, the robot with lower acceleration time is the 

faster robot.  A robot with a low maximum speed and low acceleration time might end 

up with faster cycle times than a robot with a higher maximum speed and longer 

acceleration time.  Case 2 indicates that the “higher speed” robot cannot reach its 

maximum velocity during a set time, thus losing the advantage of a faster maximum 

speed.  

2.2.3 Gripping Process 

A large portion of end effectors functions as a gripper.  The gripping process plays an 

important in material handling.  However, from the point view of production, the 

assembly parts do not increase their value during the gripping process.  The gripping 

process is usually underrated and considered secondary to the assembly process.  A 

thoroughly design and analysis of gripping process ensures a robust material handling 

and increases the output of the system. 
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 For the Adept robot applications, the gripper goes in the vertical direction along 

with Joint 3.  Shown in Figure 11, the gripper first clamps the part and moves with the 

robot to the assembly station.  Joint 3 decelerates with the gripper when close to the 

desired position, then goes in the vertical direction to place the parts.  Joint 3 is 

programmed to idle for couple of milliseconds to ensure the parts being safely placed on 

the station.   Afterwards, the gripper unclamps the parts and leaves with joint 3.  The 

total cycle time of gripping process includes the robot traveling time (robot cycle time) 

and assembling time (machine working time).  Optimized allocation of time of each step 

in the gripping process is essential for a high performing system.  The time of clamping 

process, for instance, is different from the time of unclamping process depending on the 

type of kinematics used in a two finger parallel gripper (Wolf, 2005).   

    

 

Figure 11  Gripping Process Flow Chart 

 Safe gripping is another important issue in the gripper design.  Losing the parts 

during handling, could lead to serious damage in the production system.  Grippers are 

used to grab the floppy parts and the rigid parts in the fuel cell stack assembly system.  

Losing either of the parts will possibly result in defect assembly, jamming in the station 

or even machine damage.  Therefore, risk analysis of the probability of occurrence in 

gripping and assembly failure is highly desirable before the system is commercially 

available on the market.  

2.2.4 Layout of a Robot Cell 

The performance of a robotic system is greatly influenced by the cell layout (Rembold, 

1990).  The layout of a robot cell includes the sequence of operations of multi – robots, 

locations of robots, configurations of controls in robots, vision systems and the planning 

of the flow in material handling.   
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 The conceptual CAD in the layout of the stack assembly system has been built in 

Figure 12 to guide the real construction process.  Two Adept SCARA robots are placed 

on the table.  The Picard robot (Cobra i800) is responsible for handling the floppy parts 

(Gaskets and MEAs), while the Kirk robot (Cobra s600) takes care of all the rigid parts 

(Endplates, Bipolar Plates, Bolts and Washers).  The CAD simulation provides a good 

planning of space and locations of each component on table, it prevents the possible 

collisions between the robot end effectors and part feeders by pre – designing the custom 

– built parts.   

 

Figure 12  Conceptual Layout of Fuel Cell Stack Assembly Cell 

 In the current two robots single – station assembly system, the work envelopes of 

the two robots overlap near the assembly station place.  Shown in Figure 13, the Picard 

robot has a larger work envelope than the Kirk’s one.  To reduce the cycle time in a 

multi – robots station, a proper construction of the interference zone reduces the time 

that the robot needs to wait for each other.  Take this two robots assembly system for 

example, the cycle time starts at the Kirk’s picking up the first bipolar plate then placing 

it onto the assembly station at the interference zone, in the meantime, the Picard starts to 
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grip the floppy parts, then heading for the vision systems.  The Picard places the three 

floppy parts sequentially, while the Kirk already grips the bipolar plate and wait outside 

the interference zone.  A good sequence in robot moving will minimize the interference 

zone waiting time of each robot.   

 

Figure 13  Work Envelopes in the Fuel Cell Stack Assembly Cell 

Robot traveling distances between material handling system and the assembly 

station affect the cycle time.  The speeds of the robots should be programmed to adapt to 

the traveling distances in order to take advantage of the velocity profile shown in Figure 

10 (Case 1).  The work envelopes in Figure 12 are available at the Adept Technology 

Website.  The left one is for the Kirk (Cobra s600), the right one is for the Picard (Cobra 

i800). 

Interference
Zone

Cobra i800 RobotCobra s600 Robot
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2.2.5 Justification of a Robotic Automation System 

Several factors have to be taken into consideration of justifying a robotic system 

compared to a manual production system.  Factors such as improved quality, lower cycle 

times as well the potential cost savings need to be evaluated on a balanced scale. 

 The robotic systems have advantages in repetitive, high precision work to get rid 

of the fatigue and boredom in the manual production system.  Advanced product quality 

control and process control conducted by the robotic system allows more communication 

in the process changes.  Human inspectors can miss as many as 30% of bad parts during 

inspections for defects in high volume production parts (Hoshizaki, 1990).  With robotic 

configuration in the production system, 100% automated inspection is highly possible 

while it is not applicable to perform 100% manual inspection in a high volume 

production system.  The robotic systems are advantageous in manufacturing products 

that are made in a small scale or in a hazard environment.  

 Another important factor is the cost of a robotic system.  The potential cost 

savings brought by a robotic system are reduction in scrap and direct labor, as well as a 

higher output.  The cost analysis needs to be evaluated on a long term basis.  Direct labor 

cost, for instance, is a long lasting cost compared to the cost of the one - time set up cost 

of a robotic system.  Finally, the cost savings in lower returning scrap service for the 

robotic systems are considerable.  
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3. Materials and Apparatus: Automation Implementation 

This chapter discusses the automation implementing process in fuel cell stack assembly 

system.  Several key components, including robots, feeders, end effectors, sensors, 

vision systems, controls, are elaborated in details in the following chapters.  

3.1 Layout of Assembly Cell & Adept Robots 

Single – station automated assembly system has been chosen for the conceptual 

development of this robotic fuel cell stack assembly cell.  In the previous iteration 

(Laskowski, 2007), two Kuka robots were utilized to perform the assembly of stack 

components onto a moving cart.  The current iteration eliminates the time of moving the 

linear cart through fixing the assembly station at a place where robots could reach at.  By 

adding more tasks, such as automation in bolts, washers and endplates assembly, the 

layout of assembly cell becomes more crowded and complex (Figure 14). 

 

Figure 14  Layout of Fuel Cell Stack Assembly Cell    

The basic construction of assembly cell layout follows with the conceptual CAD 

design.  The assembly cell is sealed by the aluminum box with plastic stripes hanging 
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down.  It is the humidity control room covering all the components in the assembly cell.  

The ventilation system is at the top of the control box, which keeps the air circulating.  

The controls center with computers is on the left side of the assembly cell. 

  

(a) (b) 

Figure 15  Detailed Layout of the Robotic Assembly Cell 

(a):  Adept Cobra i800 Picard Side  (b):  Adept Cobra s600 Kirk Side 

 

Picard (Cobra i800) is chosen to handle the floppy parts (MEAs and gaskets) in 

the light of a better integration with the vision system (Adept Sight 2.0) than Cobra s600.  

Kirk (Cobra s600) is chosen to handle the rest of the rigid parts: endplates, bipolar 

plates, bolts and washers.  The layout at the Kirk’s side is more compact than the 

Picard’s side.  Note that Picard has a larger work envelope than Kirk does.  Without the 

restriction of the vision system, Picard should be able to provide a better performance in 

handling the rigid parts while Kirk’s handling the floppy parts compared to the current 

version.  A larger work envelope renders a great flexibility in terms of the range of reach 

and the plant layout options.   
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3.2 Workstation 

The cart on the linear track in the Kuka’s version (Laskowski, 2007) continues its 

service as the workstation in the Adept robotic assembly system.  Shown in Figure 16, 

the cart is fixed on the table rather than flexible on the linear track.  The height of the Z-

stage is adjusted to adapt to the 5 cell stack assembly process.  Two guide pins from the 

TekStak Kit are installed diagonally on the assembly stage to guide the stack assembly 

in the fashion of sandwiching.   

 

Figure 16  Assembly Station 

3.3 Part Feeders 

A suitable design of the material handling system in the automation work cell helps 

achieve the assembling target with low cost.  In the current conceptual single – station  

automated fuel cell assembly system, the supplies for the fuel cell components to be 

assembled are limited to two 5 – cell fuel cell stacks.  The detailed configuration of 

material handling, such as the usage of conveyers or AGV, is not included in the current 
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research but will be highly desirable in the mass production and assembly system.  

Several types of part feeders are developed to orient the part to known configurations 

where robots can pick them up.  

3.3.1 MEAs and Gaskets Feeder 

MEAs and Gaskets are the core parts in the fuel cell stack sandwich.  The repetitive 

assembly process, Gasket - > MEA -> Gasket, inspires our undergraduate researchers to 

build the MEAs and Gaskets feeder shown in Figure 17.  Three aluminum blocks are 

built on the aluminum plate to hold the gaskets and MEAs.  The triangular position of 

the three aluminum blocks accommodates to the geometrical configuration of the MEAs 

and Gaskets gripper so that the end effector can pick up a group of floppy parts (two 

gaskets and one MEA) at one time.  The potential difficulty in handling the floppy parts, 

such as parts curling or bending, unsteady gripping condition, tight tolerances study, 

have been addressed by Laskowski (2007).  It was suggested that the foam surface 

probably provide the best solution for feeding or gripping floppy parts in terms of high 

reliability and accuracy.   

 

Figure 17  MEAs and Gaskets Feeder 
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3.3.2 Bipolar Plates Feeder 

The bipolar plates feeder built for Kuka Robotic System continues its service in the 

Adept robotic system in its compatibility with the feeding objective.  Shown in Figure 

18, the linear slide escapement for bipolar plates is adopted.  More details can be found 

in Christina Laskowski (2007). 

 

Figure 18  Bipolar Plates Feeder 

3.3.3 Endplates Feeder 

The gravitational feeder is chosen to realize the conceptual demonstration of feeding 

endplates.  The endplates feeder shown in Figure 19 is built by Ryan J. Gallagher.  The 

capacity of the endplates feeder is for two fuel cell stacks (4 endplates). The two 

endplates of each stack have different configurations for the upper and lower one, 

therefore, they are placed on the slider with the side that contacts the bipolar plate up 

alternatively.  Each time, the robot end effector picks up the endplate positioned 

horizontally by the V – shaped stop on the plate, the rest of the endplates slide against 
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each other on the slope of the feeder.  Several tests have been conducted to select the 

angle of the slope to ensure the smooth sliding of the endplates.  The width of the 

passage that the endplate slides is provided by the diagonal distance of the endplate.  The 

endplate is positioned in a diagonal fashion on the horizontal plate so that the robot end 

effector can easily pick it up.  

  

(a) (b) 

 

(c) 

Figure 19  Endplates Feeder 

(a): Side View of the Feeder  (b): Top View of the Feeder  (c): Feeding Mechanisms 

3.3.4 Bolts and Washers Feeder 

The bolts and washers must be fed in a fashion that the selected screwdriver end effector 

can pick them up.  The concept, combining the linear escapement and the gravity 

escapement feeders, is adopted to develop the bolts and washers feeder.  As shown in 

Figure 20, the bolts and washers are fed in two directions: gravity (Vertical) and linear 
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escapement (Horizontal).  The bolts slide along the slope track into Block 1, which holds 

the Bolt 1.  The through hole in Block 2 under Block 1 holds the Bolt 2. Bolt 3 comes 

through the hole in the feeding plate when the hole in the feeding plate meets the 

through hole in Block 2.  There are 3 bolts in the vertical direction before the linear 

feeding plate begins to move to the fed position.  The washers are stacked up in the 

through hole in Block 2.  Another hole is made in the feeding plate with the outer 

diameter and the thickness of the washer.  When these two holes in Block 2 and the 

feeding plate meet, one washer drops into the hole in the plate by gravity.  The linear 

feeding plate is mounted on a linear ball bearing track.  After the bolts and washers drop 

onto the plate, the plate moves to the required position where the end effector can pick 

them up.  Note that in this conceptual feeding configuration, the capacity of the washers 

and bolts fed is limited by the geometry of this mechanical set up.  Ideally, the vibratory 

bowl should be integrated with this feeding system to meet the requirements of industrial 

applications.  

  

(a) (b) 

Figure 20  Conceptual Configuration of Bolts and Washers Feeder. 

(a): Isometric View of the Feeder  (b): Front View of the Feeder 
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Figure 21 shows the mechanical set up of the bolts and washers feeder based on 

the conceptual design.  A pneumatic cylinder chosen based on the traveling distance of 

the feeding plate actuates the moving of the feeding plate.  A sensor is adopted to detect 

the presence of the bolt in the hole of the feeding plate each time the feeding plate moves 

to the desired fed position. 

 

Figure 21  Configuration of Bolts and Washers Feeder 

The bolts feeding mechanisms proposed in the conceptual design are elaborated 

in Figure 22.  Bolt 1, Bolt 2 and Bolt 3 are stacked up in the state of Figure 22 (a).  After 

the feeding plate moves to the desired fed position, Bolt 3 waits at the position to be 

picked up and the tail of the Bolt 2 contacts the feeding plate in the state of Figure 22 

(b).  When the plate retracts back in Figure 22 (c), Bolt 2 drops through the hole in the 

feeding plate while Bolt 1 drops from Block 1 to Block 2.  

Desired tolerances are given to some critical dimensions in this bolts and washers 

feeder, especially in the clearance between the feeding plate and Block 2.  In the initial 

building and testing process, jamming occurred in the bolts feeding process with a high 

rate around 1 out of 6 tests.  The bolts jamming may be due to several factors as follows: 

(1). Misalignment of the concentricity between the two holes in Block 2 and the feeding 

plate; (2). The tail of Bolt 2 stuck into the hex head of Bolt 3; (3). The possible deflected 

tolerances in the bolts fed.  Detailed investigation revealed that the majority of jamming 
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cases lies in the second factor that two bolts in Block 2 and the feed plates jammed 

together.   

(a) 

 

(b) 

 

(c) 

 

Figure 22 Bolts Feeding Mechanisms 

(a): Feeding Plate before Moving (b): Feeding Plate Moves to the Position (c): Feeding 

Plate Retracts 
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A Mechanisms class project was assigned to Andrew Winns to solve the bolts 

jamming issue.  Two bolts jams when the tail of the bolt runs into the hex head of the 

other bolt.  Two supporting rods are designed to lift Bolt 2 from contacting Bolt 3 when 

Bolt 3 is traveling with the feeding plate.  After the feeding plate retracts back, Bolt 2 

drops from Block 2 into the feeding plate with two rods retracted from holding Bolt 2.  

The mechanism, consisting of several linkages, is actuated by the movement of the 

feeding plate.  The linkages are in open position with the supporting bars holding Bolt 2 

in the state of Figure 23 (a).  After the feeding plate moves with Bolt 3, the linkages 

move with the plate to retract the supporting bars from holding Bolt 2.  The head of the 

Bolt 2 is under the supporting bars in the state of Figure 23 (b).  When the feeding plate 

is back, Bolt 2 drops into the plate while Bolt 1 drops into Block 2 with its head held by 

two rods (Figure 23 (c)).  The linkage system was debugged by Andrew Winn to mainly 

tackle the problem in the opposite moving directions between the feeding plate and the 

supporting rods. 

The bolt jamming issue has been improved.  However, the bolt jamming due to 

the other two factors still exists in the current testing.  It is occasionally found that Bolt 2 

does not come through the plate in the first retraction of the feeding plate but possibly 

drops in the second or third retraction of the feeding plate.  The combination of the first 

and third factors in bolt jamming may explain this case.  The unconformity of fed bolts 

leads to the unusual friction between the Bolt 2 and the hole in Block 2 when Bolt 2 

comes through Block 2.  With the second or third impact from the feeding plate 

retracting to Block 2, Bolt 2 is struck back to the state that it can pass from the hole in 

Block 2 into the hole in the feeding plate.  Therefore, a sensor, ideally in the fashion of 

light beam sensor, will be selected to detect the presence of Bolt 3 during the feeding 

process.  If Bolt 3 is not with the feeding plate, the controls will signal the feeding plate 

to retract back again until Bolt 2 drops from Block 2 to be Bolt 3 in the feeding plate.  
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(a) (b) 

 

(c) 

Figure 23  Configuration of Linkages and Supporting Bars 

(a): Linkages in open position with supporting bars holding the hex head of the bolt 

(b): Linkages in closed position with supporting bars retracted from the bolt 

(c): Supporting Bars in Position Holding the Hex Head of the Bolt 
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3.4 End Effectors 

The end effectors are critical parts in the robotic material handling systems.  It usually 

takes considerable amount of customizations in engineering end effectors due to the 

versatility and difficulty in the automation tasks.  Several end effectors, dealing with 

floppy parts (MEAs and Gaskets), plates (Bipolar and Endplate), bolts and washers, have 

been designed and will be elaborated in the following chapters.  

3.4.1 MEAs and Gaskets Gripper 

The MEAs and Gaskets gripper is mainly designed and built Ryan J. Gallagher and TJ 

Schimmel.  The concept is to grip three floppy parts (two gaskets and one MEA) at one 

time and assemble them sequentially onto the assembly station.  The triangular plate 

attaches three grippers to the robot Link 4 (Figure 24 (a)), which allows the 360 degree 

rotation of three grippers along the Z axis of Link 4.  Each gripper is built with the air 

flow path inside. The gripper is connected to a venturi vacuum generator, and has three 

suction cups at the end of the face (Figure 24 (b)).  The foam concept recommended by 

Christina Laskowski (2007) is utilized in the end effector rather than part feeder.  It 

allows the self adjustment of the end effector during the process of gripping the floppy 

parts.  Two Teflon pins attached to the end effector plate are helpful in guiding the 

movement of the gripper.  The suction is on when the end effectors grip three floppy 

parts, while it’s off when the end effectors place the parts onto the assembly station.   

 

(a) 
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(b) 

Figure 24 MEAs and Gaskets Gripper 

(a): End Effector Attachment Plate  (b): End Effector with Suction Cups 

 

3.4.2 Bipolar Plates and Endplates Gripper 

In the Kuka Assembly Cell version (Laskowski, 2007), a two finger parallel gripper was 

customized to grip the bipolar plates in the fashion of holding the diagonal sides of the 

bipolar plates and lifting them up.  With the similar configurations of gripping 

mechanisms, the current version of plate gripper adds the function of gripping the 

endplates.  The clamping jaws are customized to accommodate to the sizes of bipolar 

plates and endplates (Figure 25).  The testing results showed a steady gripping state for 

the bipolar plates and occasional failures in gripping the endplates.  The slight slope that 

comes from the injection molding process of the endplates renders the difficulty in firm 

gripping by the jaw.  Materials or coatings (e.g., elastomer) that enhance the gripping 

friction should be added to the jaws. 
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(a) 

 

(b) 

Figure 25  Endplates and Bipolar Plates Gripper 

(a): The State of Gripping the Bipolar Plate  (b): The State of Gripping the Endplate 

 

3.4.3 Bolts and Washers Gripper & Screwdriver 

The proper assembly of the bolts and washers is essential in providing a uniform 

distribution of clamping force and pressure through the stack.  Figure 26 shows the close 

tolerances and the desired star pattern in the bolts and washers assembly.  As indicated 
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in the TekStak Assembly Manual, the maximum torque is 8 inch/lb.  Several tasks are 

involved in order to implement the automation of bolts and washers assembly: (1). Grip 

the bolt from the feeder; (2). Grip the washer from the feeder; (3). Position the washer 

into the endplate hole; (4). Align the bolt through the two holes in the endplates; (5). 

Assemble the bolt with a set torque limiter.  The process repeats 8 times to complete the 

star pattern assembly.  

   

(a) (b) (c) 

Figure 26  Geometrical Configuration of Bolts and Washers Assembly 

(a): Position of a Tighten Bolt (b): Position of a Washer  (c): Star Pattern of Bolt 

Tightening  

http://www.tessolinc.com/TekStak/Documentation/TekStak%20Assembly.html 

  

The systematic configuration of the bolts and washers automated assembly is 

shown in Figure 27.  A commercial available screwdriver is customized to mainly 

implement the 5 tasks listed above.  The Ingersoll – Rand ES50TC electric screwdriver 

has an adjustable torque output from 0.5 to 9.0 in/lb, and it is capable of installing #10-

32 hex bit to drive the bolt.  The vacuum system is integrated with the screwdriver.  It is 

originally designed to provide a stable grip force to hold the bolt by the suction 

generated.  The ES50TC screwdriver comes along with EC24N control module.  It takes 

the 24VDC signals with PLC imbedded inside, and can be modified for remote control 

operation.  It is feasible to start and shutoff the screwdriver with this control module.  A 

Coval (GVPS15TS14E1) vacuum generator is selected as the vacuum generating device, 

which is activated by the compressed air and controlled by 24VDC signal.  An interface 

to hold the screwdriver is made between the quick tool changer and the robot arm.  The 

blue pipe connects the Coval vacuum generator’s output and the screwdriver together.  

http://www.tessolinc.com/TekStak/Documentation/TekStak%20Assembly.html
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The control module is wired to screw driver to provide the control signals.  All the wires 

are in a layout without interfering the operation of the robot when the screw driver end 

effector is attached with the robot arm.  

 

Figure 27 Systematic Configuration of Bolts and Washers Assembly End Effector 

In the original working mechanisms of this electric screwdriver, the vacuum 

helps the rigid holding of bolts whiling performing the bolting process.  The screw driver 

needs to be customized to perform the tasks in combining the bolts and washers gripping 

and the screw driving processes together.  The vacuum sleeve at the end of this screw 

driver was custom built in Figure 28 (a) to achieve these objectives.  The hex bit is 

chosen as #10 to adapt to #10-32 bolt.  The diameter of the outlet of vacuum sleeve is 

slightly larger than the diameter of the head of #10 bolt but smaller than the outer 

diameter of #10 washer.  The washer can be picked up by the vacuum generated in the 

clearance between the vacuum sleeve and the head of the bolt.   

During the operations of gripping the bolts and washers, the screw driver with 

the vacuum on first approaches the bolt on the feeding plate, lifts the bolt up, inserts the 

bolt through the inner hole of the washer next until the vacuum sleeve touches the 
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washer, then lifts both the bolt and the washer up together.  The screw driver end 

effector repeats 8 times of gripping and placing the bolts and washers onto the assembly 

station.  It is better than gripping and screw driving each bolt directly, which leads to the 

tilt of the endplate after finishing the first bolting process without the rest of 7 bolts 

resting between the two endplates.  During the operations of screw driving the 8 bolts, 

the screw driver is programmed to start rotating for couple of milliseconds first while 

heading down until touching the head of the hex bolt in order to match the hex bit and 

the head of hex bolt together before driving the bolt to the set torque.  The time 

programmed to driving the bolts comes from the manual assembly test.  

  

(a) (b) 

Figure 28 Mechanisms of a Working Bolts and Washers End Effector 

(a): Cross Section View of the Screw Driver; (b): Screw Driver Gripping the Bolt from 

the Feeding Plate. 

3.4.4 Tool Changers 

 Based on the layout, the Kirk robot in this single – station work cell is in charge 

of multiple functions dealing with two separate end effectors: Plates Gripper and Bolts 

and Washers Gripper & Screw Driver.  The tool changer CXC10 from Applied Robotics 

is selected to achieve the multi – tasking objective of Kirk.  It consists of two separate 

parts: the clamping part attached to the robot arm and the change part attached to the end 

effector.  It is actuated by pneumatics.  These two parts are clamped together before the 
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robot arm places the end effector into the slot on the tool changers table. The three jaws 

in the clamping part remains closed until the robot arm separates from the end effector.  

After moving to the next end effector, the three – jaws clamp opens to enter into the 

change part until these two parts match.  Then, the pneumatic sends a signal to close the 

three jaws.  They clamp the robot arm and the end effector together to finish the tool 

changing process.  Shown in Figure 29, a tool changer table is built to vertically support 

two end effectors with tool changers.  The plates gripper holder on the table holds the 

diagonal sides of the plates – gripping end effector, while the screw driver plate is placed 

directly on an aluminum slot.   

 

Figure 29 Tool Changers and Table 

3.5 Vision Systems & Controls 

Floppy parts, such as MEAs and Gaskets, have a high possibility of being defected or 

mishandled from the feeder.  Vision system is required to distinguish the defect parts 

from being assembled onto the station.  The vision system looks at something and then 

tells you what it knows about that thing.  Adept Sight 2.0 is integrated in the vision 

system coming along with Cobra i800.   
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Figure 30 Adept Vision System 

 

Figure 31 Controls Center 

Figure 31 shows the configuration of controls center for the robot cell.  Since 

Cobra i800 and Cobra s600 have different system operating software, two computers are 

required to commission the target robot. Cobra i800 adopts the Adept Desktop, which is 

more user friendly than the Adept Windows adopted by Cobra s600.  The MicroV+ is 

integrated with the software to program the robot.  Manual control pendant is also 

available to allow people to control the robot with a relatively reduced set of functions 

by palm.  
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4. Discussion and Conclusions 

This chapter discusses the analysis in assembly line construction, cycle time estimation, 

automated assembly tests.  It provides the cause – and – effect understanding in 

improving the overall performance of automated stack assembly system.  

4.1 Manual Assembly Line  

The research in manual assembly line is helpful in understanding the importance of the 

automation in fuel cell stack assembly.  Tests on the key metrics in the performance of 

an assembly line, such as cycle time, production rate and efficiency, have been 

conducted in manual assembling process.  Table 2 shows the results in manual assembly 

time.  Note that the manual assembly was conducted by an experienced assembly 

worker, and the electric screwdriver (Ingersoll Rand) with torque limiter to be adopted in 

automated assembly was used in screw driving process.  Therefore, the manual assembly 

time for each step shown in Table 2 can be considered as the time on the learning curve 

after thousands of assemblies.   

Table 2: Experimental Study of Assembly Time in a TekStak Fuel Cell Stack 

Work Element  Manual Assembly Study Time (s)  Preceded By 

1 Insert Guide Pin into the Endplate 2.38        - 

2 Add 1st Cell    36.63  1 

3 Add 2nd Cell    24.72  2 

4 Add 3rd Cell    25.56  3 

5 Add 4th Cell    24.93  4 

6 Add 5th Cell    23.07  5 

7 Add Upper Endplate   9.9  6 

 Reposition Time Between Each Cell 1X6   

8 Insert 8 Bolts and 8 Washers  64.06  7 

 Grab the Screwdriver   2   

9 Fasten 8 Bolts   75.22  8 

 

 Line balancing, the largest candidate rule (Equation (3)), is adopted to distribute 

the work elements on the assembly line as even as possible among the workers.  The 

assembly time for each cell can be approximated as the average from work element 3 to 

6 in table 2.  The result of a balanced assembly line is shown in table 3.  It is a three – 
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station assembly line with cycle time 125.23s (reposition time between each station is 

not included).   

Table 3: Work Elements Assigned to Stations Using Line Balancing Rule 

Station Work Element Time (s) Station Time 

1 1 2.38  

 2 24.57  

 3 24.57  

 4 24.57  

 5 24.57  

 6 24.57 125.23 

2 7 9.9  

 8 64.06 73.96 

3 9 75.22 75.22 

4.2 Cycle Time in Robotic Stack Assembly System 

The cycle time in the fuel cell stack assembly system largely depends on the gripping 

process in handling the floppy parts and the rigid parts.  The cycle time in handling 

process discussed in Chapter 2 includes the robot traveling time, gripping time, placing 

time and scanning time in the vision system.  

4.2.1 Robots Traveling Time 

The robots’ traveling time depends on the distance and the programmed speed.  In the 

current single – station assembly system with two Adept robots available, the robots’ 

traveling pattern in fuel cell stack assembly station is shown in Figure 32.  The paths on 

the Kirk’s side are more crowded and complicated than the Picard’s side considering the 

varieties of rigid parts handled.  Most of the paths are repetitive in the essence of fuel 

cell stack assembly process. The path that the screwdriver moves in a star pattern in 

bolting process is not included regarding its short moving distance.  It also helps to 

simplify the estimation of robot traveling time.  Table 4 shows the detailed handling 

tasks that each path represents.   

 



 

     42 

 

Figure 32 Path Planning in the Robotic Assembly System 

Table 4: Specified Tasks of Each Path 

No. Tasks 

Path 1 Move from floppy parts feeder to vision 

system 

Path 2 Move from vision system to assembly station 

Path 3 Move back to floppy parts feeder from 

assembly station 

Path 4 Move from bipolar plates feeder to assembly 

station for the 1
st
 Move; Separate two moves  

required for each of the rest 4 moves 

Path 5 Move from endplates feeder to assembly 

station back and forth twice  

Path 6 Move from assembly station to tool changers 

table 

Path 7 Move from tool changers table to bolts and 

washers feeder 

Path 8 Move from bolts and washers feeder to 

assembly station back and forth 8 times 
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 The distances of each path are measured to estimate the robot traveling time. The 

robot traveling time for the paths of the Picard robot is available in experimental testing, 

while the time for the rest of paths needs to be estimated.  A linear regression based on 

the experimental tests renders the speed profile of the Picard robot.  Two assumptions 

are adopted in the traveling time estimation:  the robot travels each path in the profile of 

Case 1 in Figure 10, Equation 10 is utilized to estimate the robot traveling time; the 

traveling time of the Kirk’s paths can be estimated in the profile of the Picard robot in 

light of the capability to use the same advanced type of Adept robots (Cobra i800) in the 

assembly line.  The servo delay time is set to be 0.01s.  Table 5 shows the cycle time 

estimation under these two assumptions.  In Path 4, the Kirk robot makes a complete 

traveling in the first move to place the bipolar plate onto the assembly station.  After the 

first move, the Kirk robot with the bipolar plate stops at the half of traveling distance to 

wait for the MEAs and Gaskets placing by the Picard, then completes the rest of the 

distance to place the bipolar plate after the Picard retracts from the assembly station.  

Therefore, there are two traveling times in Path 4.   

Table 5: Robots' Traveling Time in Stack Assembly System 

NO. Traveling Distance (mm) Robot Traveling Time (s) Data Type 

Path 1 345 0.66 Experiment 

Path 2 266 0.53 Experiment 

Path 3 557 0.81 Experiment 

Path 4 640 (1
st
 move)/320 (After 1

st
 move) 0.88/0.44  Projected 

Path 5 797 1.03 Projected 

Path 6 669 0.91 Projected 

Path 7 440 0.70 Projected 

Path 8 530 0.78 Projected 

4.2.2 Assembling Time 

The stack assembling time is associated with the type of the parts to be placed on the 

assembly station.  During the process of robot’s placing the plates or bolts onto the 

assembly station, the end effector experiences the steps as follows: insertion of the parts, 

pause at the station, retract from the station.  The placing time varies: the time of end 

effector’s pausing on the station for floppy parts is slightly longer than the one applied 

for rigid parts.   
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 Table 6 shows the assembly time in stack assembly system.  The time for 

gripping and placing MEAs, gaskets and bipolar plate is available from the experimental 

testing.  The assembling time for the rest of the operations is estimated based on the 

experience.  Screw driving process, for instance, can be measured directly from the 

manual assembly process, since the same screw driver with torque limiter is applied in 

the automated assembly system.   

Table 6: Assembling Time in Stack Assembly System 

Operations Assembling Time (s) Data Type 

Grip MEAs and Gaskets 

of 3 Pieces 

2.63 Experiment 

Scanning at Vision 

System of 3 Pieces 

2.84 Experiment 

Place MEAs and Gaskets 

of 3 Pieces 

5.80 Experiment 

Grip the Endplate 1 Estimated 

Place the Endplate 0.7 Estimated 

Grip Bipolar Plate 0.92 Experiment 

Place Bipolar Plate 0.66 Experiment 

Tools Changing 2  

Grip the Bolt 1 Estimated 

Grip the Washer 1 Estimated 

Place Bolt and Washer 2 Estimated 

Screw Driver 

Repositioning 

1.5 Estimated 

Screw Driving 1.31 Experiment from Manual 

Assembly 

4.2.3 Cycle Time 

 The cycle time of the whole system is a combination of the robots traveling time 

and the assembling time.  Table 7 shows the sequence of operations with time in each 

step.  During the cycle of MEAs, gaskets and bipolar plates assembling, two robots are 

operating simultaneously with an interference zone to perform the tasks.  The cycle time 

could be optimized by properly arranging the sequence of operations and eliminating the 

waiting time between the two robots.  The total cycle time is estimated to be 138.92s, 

which nearly doubles the targeted cycle time 60s.  
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One should note that in the current configuration, the Picard robot is idling after 

finishing the MEAs and gaskets assemblies, while the Kirk robot finishes the rest of 

rigid parts assemblies.  It is more effective to perform the bolts and washers assemblies 

in a separate station to minimize the idling time for each robot.   

Table 7: Sequence of Operations in Stack Assembly System 

Sequence of Operations Time (s) Sequence of Operations Time (s) 

Grip the 1
st
  Endplate 1   

Repeat 5 Cycles of Plates Assembly 

Picard Robot Kirk Robot  

Grip MEAs and Gaskets 2.63 Path 5 1.03 

Path 1 0.66 Place the Endplate 0.7 

Scanning at Vision System 2.84 Path 4 0.88 

Path 2 0.53 Grip Bipolar Plate 0.92 

Place MEAs and Gaskets  5.80 Path 4 0.88 

Path 3 0.81 Place Bipolar Plate 0.66 

5 Cycles End 

Path 4  0.44   

Place 6
th

 Bipolar Plate 0.66   

Grip  the 2
nd

 Endplate 1   

Path 5 1.03   

Place the Endplate 0.7 Stack Assembly Time 71.18 

Path 6 0.91   

Tool Changing 2   

Path 7 0.7 Reposition Time I 3.61 

Repeat 8 Cycles of Bolts and Washers Placement 

Grip the Bolt 1   

Grip the Washer 1   

Path 8 0.78   

Place Bolt and Washer 2   

Path 8 0.78 Bolts & Washers Time 44.48 

8 Cycles End 

Path 8 0.78 Reposition Time II 0.78 

Repeat 8 Cycles of Bolting Processes 

Repositioning 1.5  

Screw Driving 1.31 Bolting Time                      22.48 

8 Cycles End 

Total Cycle Time 138.92  
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4.3 Quantitative Analysis with Quality Issues 

Assemblies conducted by the assembly machines are games of chance.  The quality 

metrics mentioned in Chapter 2 are important parameters of quality control in stack 

assembly process.  Improper handling and defect parts will possibly lead to jamming 

during the assembly, sometimes, even serious damage to machines.   

 The frequent jamming and defect parts occur on the assembly station are related 

to the bipolar plates, MEAs and gaskets sandwiching assembly.  Shown in Figure 33, the 

bipolar plate placed onto the station jams through the two guide pins in Case (a), if not 

observed by the machines or workers, the robot arm continues its operation to drive the 

end effector thus leading to the break of the bipolar plate in Case (b).     

  

(a) (b) 

Figure 33 Defect and Jamming Cases in Bipolar Plates 

(a): Jamming during Bipolar Plate Insertion (b): Bipolar Plate Crack after Jamming 

 

On the floppy parts side, deformable parts (MEAs and gaskets) tend to curl under 

certain circumstances.  MEAs, especially, lose their original types in a non – humidified 

condition (Figure 34).  The curling of MEAs or gaskets results in a bad precision of 

holes that go through the guide pins.  It will possibly lead to the damage of the outer 

dimensions of the MEAs or gaskets during the assembly, thus a bad quality fuel cell 

stack overall. The curling in gaskets does not occur frequently after multiple usages.  

Assuming the supply for the parts is continuously fresh, the probability of curling in 

gaskets is much lower than the one in MEAs.    
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The jamming in endplates, bolts (excluding the jamming in the feeder) and 

washers assembling on the station have not been observed on a frequent basis.  

Occasionally, bolts and washers jam due to their sizing problem in the assembly.       

 

 

Figure 34 Curling in MEAs 

 The jamming causes downtime in machine’s operation, and the defect parts 

render a low yield of manufacturing output.  The performance of an assembly system is 

greatly influenced by these factors.  Table 8 presents the probabilities of being defective 

or jammed for each operation.  The operations of adding bipolar plate and MEAs are 

given a higher probability of being defect thus causing jamming during assembling.  

Table 8: Assembly with Defect and Jamming Rate (Case 1) 

Operations q m p 

Add 1
st
 Endplate 0.01 1  

5 Cycles of Stack Assembly 

Add Bipolar Plate 0.03 1  

Add Gasket 0.01 0.5  

Add MEA 0.03 0.5  

Add Gasket 0.01 0.5  

Add 2
nd

 Endplate 0.01 1  

8 Cycles of Bolts and Washers Insertion 

Add Bolt 0.01 0.9  

Add Washer  0.01 1  

8 Cycles of Bolting Process 

Screw Driving 0 NA 0.01 
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For the purpose of evaluating the sensitivity of q, m and downtime on the 

assembly system performance, Table 9 presents Case 2 with lower probabilities of 

defects and jamming in bipolar plates and MEAs assembling process.  With the 

equations available in Chapter 2, the key metrics in system performance, such as actual 

production rate, yield, efficiency, are calculated in Table 10 for these cases.  The defect 

and jamming during the assemblies significantly bring down these metrics. By 

improving the quality of bipolar plates and MEAs and downtime, the performance is 

enhanced.   Case 2 with 120s downtime, for instance, has a close actual production rate 

in Case 1 with 60s downtime, but lower efficiency.  It indicates that in the current scale, 

these key metrics are more sensitive to downtime than the defect and jamming rate.    

Table 9: Assembly with Defect and Jamming Rate 

Operations q m p 

Add 1
st
 Endplate 0.01 1  

5 Cycles of Stack Assembly 

Add Bipolar Plate 0.01 1  

Add Gasket 0.01 0.5  

Add MEA 0.01 0.5  

Add Gasket 0.01 0.5  

Add 2
nd

 Endplate 0.01 1  

8 Cycles of Bolts and Washers Insertion 

Add Bolt 0.01 0.9  

Add Washer  0.01 1  

8 Cycles of Bolting Process 

Screw Driving 0 NA 0.01 

 

Table 10: Variations in q, m and Downtime on Assembly System Performance 

Scenarios Average 

Downtime (s) 

Production 

Rate(pc/hr) 

Yield Actual 

Production 

Rate(pc/hr) 

Efficiency 

No 

Defects 

120 25.9 1 25.9 1 

Case 1 120 18.6 0.8819 16.4 71.7% 

Case 2 120 20.5 0.9276 19.0 79.0% 

Case 1 60 21.6 0.8819 19.1 83.5% 

Case 2 60 22.9 0.9276 21.2 88.3% 
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4.4 An Alternative Layout 

The layout of the current assembly system makes one robot idling while the other is 

performing the bolts and washers assembly.  By introducing the multi – station assembly 

line concept, the bolts and washers assembly could be separate from the stack assembly 

process.  Table 11 shows one possible improved layout.  The cycle time is reduced from 

138.92s to 73.18s (71.18s + 2s).  Note that the layout of bolts and washers assembly 

station can be different from the current one, and possibly takes less time to complete the 

tasks.  The stack sandwiching process is the bottleneck station with the same layout in 

the single – station assembly system.  

Table 11: Alternative Multi - Station Assembly System Layout 

Station Work Element Time (s) 

1 Stack Assembly Process 71.18 

 1 to 2 Repositioning 2 

2 Bolts and Washers 

Assembly 

67.74 

  

 The production rate in the ideal system is very close to the target assembly cycle 

time (1 stack/min).  The actual production rate for each case is generally higher than the 

ones with longer cycle time.  The efficiency of the system tends to be lower considering 

the overriding impact of downtime relative to the cycle time.   

 

Table 12: Variations in q, m and Downtime on Alternative Multi - Station 

Assembly System Performance 

Scenarios Average 

Downtime (s) 

Production 

Rate(pc/hr) 

Yield Actual 

Production 

Rate(pc/hr) 

Efficiency 

No 

Defects 

120 49.2 1 49.2 1 

Case 1 120 28.1 0.8819 24.8 57.2% 

Case 2 120 32.7 0.9276 30.3 66.5% 

Case 1 60 35.8 0.8819 31.6 72.7% 

Case 2 60 39.3 0.9276 36.4 79.9% 
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4.5 Robot Simulation Technology 

It is not practical to construct the real robotic cells with several layouts to compare the 

performance of cell layout plans.  Robotic simulation technology provides a cost 

effective solution to predict the properties of a proposed layout plan.  Robcad in 

Tecnomatix from Siemens, is a case in point.  By integrating the kinematics and 

mechanisms into the industrial robots modules, Robcad is capable to simulate the 

dynamic motion of robot traveling in a set path.  Due to the reality that this software 

arrived shortly before the closing of the thesis work, the complete cell layout simulation 

has not been constructed.  A few simple tests have been conducted in robot moving, and 

they show a good simulation of robot traveling in a set path with a set time.  In the 

future, the robots need to be programmed to run at a set path according to each layout 

plan with a certain speed and sequence of operations, which renders the evaluation of 

robot cell performance.  
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