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Abstract 

A single robot-based manufacturing system for unattended machining and inspection of graphite bipolar flow field plates for proton exchange 
membrane fuel cells is designed and integrated for demonstration and validation. Unlike most robotic manufacturing systems where an industrial 
robot is used for tending an automated tool such as a computer numerical control machine, in the present system the industrial robot performs all 
manufacturing operations, including machining the flow fields on both sides of the plates, changing the tools, handling the plates, vacuuming the 
plates and the workholding device of graphite dust, flipping the plates, air blowing them and performing machine vision inspection for quality 
control. The toolpath for robotic machining the flow fields and the manifolds are generated offline using Roboguide simulation software. The 
manufacturing system uses an integrated machine vision inspection process as a diagnostic tool for in-line checking the presence of machined 
features and in-line verification of feature dimensions. Besides the considerably lower capital cost compared to other automated manufacturing 
systems resulted from the elimination of the automated machine tool, the proposed robotic cell has the advantage of better managing the abrasive 
graphite dust resulted in the manufacturing process. The limitations of the proposed robotic cell are assessed and recommendations for further 
development are considered. The manufacturing system is demonstrated as part of a larger endeavour of bringing to readiness advanced 
manufacturing technologies for renewable energy devices and responds the high priority needs identified by the U.S. Department of Energy for 
fuel cells manufacturing research and development. 
 
© 2022 Society of Manufacturing Engineers (SME). Published by Elsevier Ltd. All rights reserved. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the Scientific Committee of the NAMRI/SME. 
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1. Introduction 

Fuel cells directly convert the chemical energy in hydrogen 
to electricity, with pure water and useful heat being the only 
byproducts [1]. Fuel cells offer a broad range of benefits 
including efficient energy conversion, reduced greenhouse gas 
emissions, reduced air pollution, reduced oil consumption and 
highly reliable grid support. They also have significant 
advantages that make them attractive for end users, including 
quiet operation, low maintenance needs and high reliability. 
Compared to other types of fuel cells, the proton exchange 
membrane fuel cell (PEMFC), also known as polymer 
electrolyte membrane fuel cell, has the advantages of delivering 
higher volumetric and gravimetric power density and of 
operating at lower temperatures, which results in a quick start 
up time and less wear on systems components. For these 

reasons, PEMFCs currently find extensive applications in 
transportation and stationary uses. 

A PEMFC stack consists of several unit cells connected in 
series and clamped together between two end plates. A unit cell 
consists of a membrane electrode assembly (MEA) placed 
between two electrically conductive bipolar plates that have 
flow field channels fabricated into both planar surfaces. An 
MEA consists of five components: a proton conductive 
membrane bounded by two catalyst layers, one on each side of 
the membrane, and two porous gas diffusion layers bonded 
each on the other side of the catalyst layers. Each unit cell is 
equipped with two gaskets placed on the peripheral area of each 
flow field which are intended to prevent reactant gas leaks or 
leaks between electrodes.  



 V. Gurau and R. Kent / Manufacturing Letters 33 (2022) 56–65  57 

Nomenclature 

D         tool diameter (inch)  
DOC    depth of cut, (mm) 
fm         feed rate, (mm/min) 
FfN Normal feed force on the cutting tool 
ft feed per tooth, (mm/tooth) 
L length of cut (mm) 
n number of teeth, or flutes of the tool 
RPM rotations per minute 
Tm cutting time (min) 
TCP tool center point 
EOA end of arm 
V cutting speed, (m/min) 

 
The bipolar flow field plates are key components of the 

PEMFC stack, accounting for 30% of the stack cost [2]. Their 
functions in the fuel cell are to connect the cells electrically, to 
house the flow fields and uniformly distribute the reactant and 
oxidant gasses over the active area of the cells, to separate and 
prevent the reactant and oxidant gasses in adjacent cells from 
mixing with each other, to conduct and distribute the heat 
produced during the electrochemical reaction and to provide 
structural support to the cells. Bipolar plates must have good 
electrical and thermal conductivity, good mechanical 
characteristics, low gas permeability, good chemical stability, 
must be lightweight, easily formable, and inexpensive. To meet 
these requirements, bipolar plates have been traditionally made 
from non-porous graphite, coated or non-coated metals or from 
graphite-based composite materials that include a polymer as 
binder and reinforcing agent [2-7]. 

PEMFC research and development (R&D) activities are 
oriented today towards achieving higher efficiency and 
durability along with identifying low materials and 
manufacturing costs [8]. Recent PEMFC published research 
focused on identifying new component materials [9-20], novel 
designs [21-27], new manufacturing methods [28-37], 
improved balance of plant [38-41] and on developing 
theoretical models and experimental diagnostics [42-53] that 
improve our understanding of fuel cells operation. Along with 
fundamental research, manufacturing R&D is needed to 
prepare advanced manufacturing and assembly technologies 
that are necessary for low-cost, high volume fuel cell 
powerplant production. U.S. Department of Energy (DOE) has 
identified high-priority manufacturing R&D needs for fuel 
cells [54]. A summary of these needs includes: (1) to develop 
technologies for high-speed manufacturing of fuel cell 
components; (2) to identify the cost of fuel cells at several 
levels of manufacturing; (3) to develop agile, flexible 
manufacturing and assembly processes; (4) to develop 
automated processes for assembling fuel cell stacks and (5) to 
establish flexible automated manufacturing technology 
facilities.  

Two specific challenges identified by DOE [8] in 
manufacturing of fuel cells represent the lack of high-speed 
manufacturing processes for fuel cell bipolar plates and the 
quality control inspection necessary during manufacturing of 
fuel cell components.  

Traditional fabrication processes for bipolar plates include 
processes for the formation of the base plates and processes for 
the formation of the flow field channels and manifolds [2-7]. 

Both processes can be integrated in a single manufacturing 
process using stamping of metal sheets or various compression 
techniques that include compression moulding and injection 
moulding of graphite-based composites. However, the highly 
abrasive nature of the graphite powder severely limits the life 
of the expensive moulds used for the fabrication of bipolar 
plates. To considerably lower the tooling cost, an alternative 
fabrication process represents the traditional milling of the flow 
fields in the base plate using computer numerical control 
(CNC) technology. Machining of graphite prohibits the use of 
cooling liquids but requires vacuuming the graphite dust 
produced during manufacturing. The abrasive graphite dust 
may severely damage the gear used for the actuation the CNC 
machine. An automated manufacturing system for high-
volume, low-cost production of graphite bipolar plates would 
therefore consist of a CNC milling machine tended by an 
industrial robot for loading / unloading the plates and for 
vacuuming the graphite dust after machining each side of the 
plates.  

Current inspection techniques used in the fuel cells 
industry often require off-line measurements, manual 
inspection techniques, and even destructive tests. These 
approaches slow the manufacturing process and add cost. The 
ramp-up to high-volume production of fuel cells requires in-
line quality control and measurement technologies consistent 
with high-volume manufacturing processes [8]. 

This paper presents the design and demonstration of a 
robotic manufacturing system consisting of a single industrial 
robot (Fanuc LR Mate 200iD) used for unattended machining 
and inspection of graphite flow field plates for PEMFCs. The 
proposed robotic system is designed for high-volume, low-cost 
manufacturing and for improving the uniformity and 
repeatability of fabrication by increasing the automation level. 
Unlike most robotic manufacturing systems where an industrial 
robot is used for tending an automated machine tool, in the 
present system the industrial robot performs all manufacturing 
operations, including machining the flow fields on both sides 
of the plates, changing the tools, handling the plates, 
vacuuming the plates and the workholding device of graphite 
dust, flipping the plates, air blowing them and performing 
machine vision inspection for quality control. Besides the 
reduction of more than 50% in capital cost compared to other 
automated manufacturing systems resulted from eliminating 
the automated machine tool, the proposed robotic cell has the 
advantage of better managing the abrasive graphite dust 
resulted in the manufacturing process. To reduce the cycle time 
of the manufacturing process and ramp-up to high-volume 
production, the manufacturing system uses an integrated 
machine vision inspection process (Fanuc iRVision 2D) as a 
diagnostic tool for in-line checking the presence of machined 
features and in-line verification of feature dimensions.  

Reviews of previous robotic machining application can be 
found in Chen and Dong [55], Iglesias et al. [56], Yuan et al. 
[57], or Ji and Wang [58]. The reviews conclude that in terms 
of accuracy, the industrial robot is worse than conventional 
machine tools. The main limiting factor to robotic machining 
is the low robot stiffness compared to CNC machines when the 
material hardness increases. Despite being a softer material, 
graphite is one of the most difficult materials to be machined 
[59-62]. Graphite can cause serious challenges as it can wear 
the tool and severely minimizes its life. When cutting graphite, 
the tool wear is caused by the abrasive nature of the graphite 
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structure rather than by the cutting speed or material 
temperature. When the tool wears, the feed force and the radial 
force generated on the tool during the cutting process may 
become excessive, and in combination with the low robot 
stiffness may affect the dimensional accuracy of the machined 
features. The only effective way to machine graphite is using 
diamond coated tools which last 10-20 times longer than 
carbide tools [59-62]. 

The robotic manufacturing system presented in this paper 
was integrated to demonstrate the unattended fabrication and 
inspection of graphite bipolar plates for PEMFCs. It was also 
intended to acquire information regarding the optimum cutting 
parameters for further process optimization and minimization 
of the operation cycle. To our knowledge, this system 
represents the first attempt to fully automate the manufacturing 
of bipolar plates for fuel cells.  The manufacturing system is 
demonstrated as part of a larger endeavour at Georgia Southern 
University of bringing to readiness advanced manufacturing 
technologies for renewable energy devices and responds the 
high priority needs identified by the U.S. Department of Energy 
for fuel cells manufacturing research and development. 

 

2. Manufacturing System 

The robotic cell was integrated to demonstrate the 
unattended fabrication and inspection of the graphite bipolar 
plate flow fields shown in Figure 1. The graphite plates 
(FuelCellStore.com) are 13 cm by 13 cm by 0.48 cm. The flow 
fields to be machined cover 100 cm2 active area. The anode 
flow field consists of five 1/16”-wide and 0.05”-deep 
serpentine channels extending from an inlet manifold to an 
outlet manifold. The cathode flow field consists of 16 - 1/8”-
wide and 0.08”-deep straight channels open to the atmosphere 
(air breathing fuel cell). The plates also have two ¼” diameter 
alignment holes and 8 – 8 mm diameter fastening holes. 
 

Fig. 1. Anode (left) and cathode (right) flow fields 
 

The manufacturing system (Figure 2) consists of a Fanuc 
LR Mate 200iD industrial robot with R-30iB robot controller 
and Fanuc iRVision machine vision system mounted on a 
mobile cart having a 119 cm x 109 cm worksurface and 
equipped with air compressor, a TSS tool stand (ATI Industrial 
Automation) with four tools for automated tool changing, a 
fixed air blow nozzle, an in-house made pneumatic 
workholding device and fixtures for manufacturing operations, 
in-house integrated pneumatic and electronic controls, a fixed 
Sony XC-56 camera for in-line vision inspection and a Dayton 
dust collector for vacuuming the graphite dust. To minimize the 
spread of graphite dust during machining, the cart was placed 

with the workholding device near the intake of a MXT1500-
100 ceiling-mounted fume extractor arm (Movex, Inc.). The 
robot end-of-arm (EOA) is equipped with a pneumatic QC11 
master quick connect (ATI Industrial Automation) used to load 
/ unload the tools required for the manufacturing operations. 
The quick connect is programmatically actuated by a robot 
factory mount solenoid valve through two complementary 
robot outputs (RO1 and RO2). 

Fig. 2. Robotic system for unattended fabrication of fuel cell graphite flow field 
plates. The picture shows the TSS tool stand (ATI Industrial Automation) with 
four tools resting on it (far and left side), Sony XC-56 camera and lighting 
mounted on the tool stand (top-far-left), workholing device (center), two 
fixtures for picking up blank plates and stacking finished plates (front-left), 
fixture for flipping over the plates (front-right) and ceiling-mounted fume 
extractor arm (far-right) 

2.1. Tooling 

Four tools required for the manufacturing operations rest 
on the robot tool stand from where they are programmatically 
loaded / unloaded by the robot on its EOA before and after each 
operation. They are: (1) an in-house fabricated pneumatic 
gripper (Figure 3a) for handling the graphite plates, (2) an off-
the-shelf 48 VDC, 20,000 RPM spindle with 1/16” end mill 
(Figure 3b) for machining the anode flow-field and the 
manifold holes, (3) an off-the-shelf 48 VDC, 20,000 RPM 
spindle with 1/8” end mill for machining the cathode flow-field 
(Figure 3c), and (4) a vacuum nozzle (Figure 3d) attached 
through a flexible hose to the dust collector for vacuuming the 
plates and the workholding device after each machining 
operation. 

The pneumatic gripper (Figure 3a) consists of a ¼“-thick 
aluminium plate cut in-house using CNC waterjet on which 
four SLSA-120NR level compensators with suspension 
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mechanisms and 10 mm vacuum cups (Anver Corporation) are 
mounted. The level compensators are used to provide a soft 
touch and to reduce machine indexing when picking up and 
releasing the graphite plates. The four vacuum cups are 
pneumatically connected through tubing and fittings mounted 
on the level compensators to a JV09CET miniature vacuum 
pump (Anver Corporation). The vacuum pump is connected to 
a robot factory-mounted solenoid valve actuated 
programmatically through two complementary robot outputs 
(RO3 and RO4). The aluminium plate is attached to a QC11 
tool-side quick connect (ATI Industrial Automation) used to 
connect the tool to the robot EOA and a tooling interface plate 
(ATI Industrial Automation) used to attach the gripper to the 
tool stand when not in use. 

 

 
 
Fig. 3. Tooling: (a) Pneumatic gripper shown while handling a graphite plate 
with machined anode flow field; the numbers indicate: (1) - ¼“-thick 
aluminium plate; (2) - level compensators with suspension mechanisms; (3) - 
tool-side quick connect; (4) - tooling interface plate;  (b) spindle with 1/16” 
end mill shown while machining the anode flow field and manifold holes; (c) 
spindle with 1/8” end mill and latex skirt shown while machining the cathode 
flow field; (d) vacuum nozzle loaded to the EOA shown while vacuuming of 
the cathode flow field. 
 

The 48 VDC, 20,000 RPM spindles (Figures 3b an 3c) are 
attached to aluminium angle plates.  QC11 tool-side quick 
connects (ATI Industrial Automation) used to connect the 
spindles to the robot EOA and tooling interface plates (ATI 
Industrial Automation) used to attach the spindles to the tool 
stand when not in use are also mounted to the angle plates. The 
spindle for machining the anode flow field and the holes 
(Figure 3b) is loaded with a 1/16”-diameter solid carbide 
square end mill.  The spindle for machining the cathode flow 

field (Figure 3c) is loaded with a 1/8”-diameter solid carbide 
square end mill. To minimize the spread of graphite dust 
resulted in the machining process, this spindle has a 0.02”-thick 
latex skirt attached around the end mill. The spindles are 
programmatically turned on/off by the robot controller through 
digital outputs (DO105 and DO106 respectively). 

The vacuum nozzle (Figure 3d) is attached to an 
aluminium U-shape profile reinforced with an 80/20 angle 
gusset used to minimize its vibrations while resting on the tool 
stand.  The U-shape profile is attached to a QC11 tool-side 
quick connect (ATI Industrial Automation) used to connect the 
nozzle to the robot EOA and a tooling interface plate (ATI 
Industrial Automation) used to attach the nozzle to the tool 
stand when not in use. The nozzle is connected through a 
flexible hose to a Dayton dust collector. The dust collector is 
programmatically turned on/off by the robot controller through 
a digital output (DO107) that actuates a 24 VDC relay. 

The fifth tool is a fixed air nozzle attached to the tool stand 
and is used to blow air and clean the plates after each machining 
operation. The air nozzle (Figure 4a) is pneumatically 
connected to the air compressor through a 3-way, 2-position 
Nitra BVS-32C2-24D solenoid valve (Automation Direct) 
which is programmatically actuated by the robot controller 
through a digital output (DO108). 

The fixed Sony XC-56 camera and the LC-300 lighting 
system (Smart Vision Lights) are attached to the tool stand 
(Figure 4b). The camera is triggered programmatically by the 
vision system and the light is turned on/off programmatically 
by a robot output (RO8).  
 

 
Fig. 4. (a) Fixed air nozzle shown while blowing air on the anode flow field. 
The plate is held by the robot gripper and moved relative to the nozzle; (b) 
fixed camera (Sony XC-56) and lighting system used for vision inspection 

2.2. Fixtures 

The automated workholding devise (Figure 5) used for 
locating and clamping the plates during machining was 
fabricated in house and consists of a ¼”-thick aluminium plate 
cut using CNC waterjet and having openings for collecting the 
graphite dust, 15 threaded, adjustable locators and supports, 
two AMWSW16 pneumatic swing clamps (IMAO 
Fixtureworks) used for vertical clamping and three double-
action ¾”-bore air cylinders used for horizontal clamping the 
plates. The two vertical clamps and the three horizontal clamps 
are each connected pneumatically in cascade and actuated by 
two 4-way, 2-position Nitra AVS-5121-24D solenoid valves 
(Automation Direct) connected to the air compressor. A Nitra 
AR-223 pressure regulator is used to reduce the working 
pressure in the lines to 50 PSI. The vertical and horizontal 
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clamps are programmatically turned on/off by the solenoid 
valves controlled by the robot controller through 
complementary pairs of digital outputs (DO101-DO102 and 
DO103-DO104, respectively). The workholding device is 
attached to the worksurface of the robot cart by four supports. 

  

 
 

Fig. 5. Workholding device. The solenoid valves that actuate the vertical and 
horizontal clamps are visible in the far-left side of the picture. 
 
A plastic bag is attached under the workholding device, 
between the supports to collect graphite dust. 

Two fixtures from where the blank plates are picked 
(Figure 6a) and where the machined plates are stacked (Figure 
6b), were fabricated in house using CNC waterjet. A fourth 
fixture (Figures 6c and 6d) is used by the robot to flip the plates 
from one side to the other. It has been fabricated in house using 
3D printed parts attached to an 80/20 linear profile.  

2.3. Robot programming 

Today, complex robot toolpaths for machining operations 
can be generated using offline programming software. One 
method is to use a computer aided manufacturing (CAM) 
software such as Mastercam to generate the optimum cutting 
parameters and the toolpath for a CNC machine, then use a 
second software, such as Octopuz to convert the CNC toolpath 
to robot toolpath and generate the robot motion instructions. In 
this case, the cutting parameters such as depth of cut and feed 
rate are translated to the robot motion instructions. A second 
method is to use a robot simulation software having a computer 
aided manufacturing (CAD)–to–toolpath conversion feature. 
The 3D models of the part to be machined and of the tool to be 
used are imported in the virtual workspace of the robot and 
placed at their locations relative to the robot. The simulation 
program generates the toolpath and the robot motion 
instructions. This second method does not calculate the 
optimum cutting parameters. 

For this demonstration, the toolpath for machining 
operations was generated using the Fanuc’s Roboguide offline 
simulation software with its CAD-to-Path feature (Figure 7). 
To follow the practice adopted when machining graphite 
bipolar plates with CNC machines and increase productivity, 
the channels and holes were set to be cut in a single pass using 
end mills having the diameters equal to the channel widths. The 
cutting feed rate was set arbitrarily to 10 mm/s and the rapid  

 

 
Fig. 6. Fixtures used in the robotic system. (a) fixture for blank plates shown 
while the robot picks a plate; (b) fixture for stacking machined plates shown 
while the robot places a plate. (c-d) fixture for flipping the plates. The robot 
flips a plate by placing it in the fixture while holding it from one side (c) and 
picking it from the other side (d) 
 
moves between cuts to 100 mm/s. The robot motion 
instructions for machining operations ware uploaded as 
subroutines to the robot controller and the optimum cutting 
feed rate was determined experimentally by overwriting the 
motion speed using the OVERRIDE command of the Fanuc 
programming language. 

All other subroutines for non-machining operations were 
created in leadthrough programming using the robot’s teach 
pendant. The flowchart for the robotic operation cycle is shown 
in Figure 8. Each block in the flowchart corresponds to a robot 
subroutine. 

The subroutines shown in Figure 8 are called from a main 
program. Based on the thickness of the plates and the number 
of machined plates, the program indexes the vertical position 
where blank plates are picked from and where the machined 
plates are placed to. 

The vision inspection tasks were programmed offline 
using Fanuc’s iRVision 2D software and a computer connected 
to the robot controller through ethernet IP protocol. Programs 
for three single view inspection vision processes were created 
for the anode side and one program was created for the cathode 
side to check the presence/absence of features and to evaluate 



 V. Gurau and R. Kent / Manufacturing Letters 33 (2022) 56–65  61 

critical features of the flow fields. The vision processes were 
taught based on a machined graphite plate used as reference. 
The vision processes are executed from the main program and 
based on judgement criteria passes or fails the process. Typical 
vision inspection results are shown in Figure 9. 

The current setup does not identify malfunctioning or 
anomalous situations. The system may be improved by adding 
vision inspection tasks with multiple cameras, in which the 
presence or absence of the graphite plate in each fixture is 
monitored during machining and work handling operations. 

 

 
 
Fig. 7. Toolpath generated for the cathode flow field using Fanuc’s 
Roboguide software 

 

 
Fig. 8. Flowchart for robotic operation cycle 
 

    

 

Table 1. Cutting parameters used in the demonstration. 

Features Tool  Depth of cut, 
DOC (mm) 

Feed rate,   
fm (mm/min) 

Feed/tooth,  
ft (mm/tooth) 

Cutting speed, 
V (m/min) 

Recommended feed/tooth 
and cutting speed, ft / V 
(mm/tooth)/(m/min) [60] 

Holes and manifolds 1/16” DIA, 4-flute 4.8 60 0.00075 99,7 0.025-0.050/60-3,000  

Anode flow field 1/16” DIA, 4-flute 1.3 150 0.0019 99,7 0.025-0.050/60-3,000 

Cathode flow field 1/8” DIA, 4-flute 2.0 150 0.0019 1994 0.015-0.025/60-6,000 
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Fig. 9. Typical results of machine vision inspection used to check the 
presence/absence of features and to evaluate critical features of the flow 
fields; (a) inspection of holes and manifolds; (b) inspection of anode flow 
field 

3. Results and Discussion 

3.1. Optimum cutting parameters 

The Roboguide simulation software used to generate the 
toolpath for machining operations does not calculate the 
optimum cutting parameters. The optimum feed rate was 
determined experimentally while the spindle RPM was 
maintained at its 20,000 RPM maximum value. All features 
were cut in a single path. The depth of cuts for each operation 
are shown in Table 1. The original 10 mm/s programmed feed 
rate (speed of tool centre point, TCP) resulted in severe 
deviations of the TCP from the programmed toolpath due to the 
low robot stiffness. Typical machine errors resulted when the 
feed rates were too high are shown in Figure 10. 

The feed rates were reduced using the OVERRIDE 
command of the Fanuc’s programming language until good 
dimensional accuracy was obtained. The optimum feed rates 
for each cutting operation are shown in Table 1. Table 1 also 
shows the calculated feed per tooth, cutting speed and 
recommended cutting parameters for graphite machining. 

The feed per tooth, ft (mm/tooth) and cutting speed, V 
(m/min) in Table 1 are calculated as [63]: 
 𝑓௧ ൌ ௙೘௡ൈோ௉ெ     (1) 

 𝑉 ൌ 0.0254 ൈ 𝑅𝑃𝑀 ൈ 𝜋 ൈ 𝐷   (2) 
 

The results indicate that the cutting speed and RPM used 
in the demonstration were within the recommended values for 
machining graphite, while the feed per tooth was one to two 
orders of magnitude lower. This is the result of keeping a low 
feed rate, fm (speed of robot TCP) to prevent tool deviation from 
the programmed path when a robot with reduced stiffness is 
used. The cutting time, Tm of a milling process is calculated as 
[63]: 

 𝑇௠ ൌ ௅௙೘     (3) 
 
This equation along with the experimental results shown above 
indicate that to reduce the machining operation time and 
compete with CNC machining, robots with stiffer joints must 
be used. Alternative solutions to increase the productivity while 
keeping good dimensional accuracy and compete with CNC 
machining is to use spindles with increased RPM capabilities 
and/or cutting tools with increased number of flutes. Indeed, 
eq. (1) indicates that it is possible to proportionally increase the 
feed rate, fm (speed of robot TCP) while keeping the same feed 
per tooth, ft when increasing the spindle RPM and/or the 
number of tool flutes, n. Another technical solution to increase 
the productivity while keeping good dimensional accuracy is to 
adopt compliance error compensation techniques. 
 

 
Fig. 10. Typical machining defects resulted from using large feed rates and a 
robot with low stiffness: (a) deviation of the toolpath at the start and end of 
the trajectory; (b) deviation of the toolpath when the direction of the 
trajectory changes; (c) unequally spaced channels. Note that in this image any 
two adjacent channels are cut in opposite directions; (d) excessive runout to 
circularity of holes. 
 

The time for each operation is shown in Table 2. The 
operations in Table 2 correspond to the subroutines in Fig.8. 

A video clip of the entire operation cycle is available at 
[64]. The operation cycle time can be improved mainly by 
reducing the time required for machining the anode and the 
cathode flow fields, which can be achieved by increasing the 
machining feed rate, fm and using a robot with stiffer joints, 
spindles with higher RPM capabilities, tools with higher 
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number of flutes, or by adopting compliance error 
compensation techniques.  

Table 2. Operation time. 

Subroutine No. of 
times 
called 

Operation 
time (s) 

Total 
time (s) 

Pick gripper 3 6 18 

Pick blank plate from stack 1 21 21 

Place plate in workholding device 2 6 12 

Place gripper 2 8 16 

Pick spindle 1 1 7 7 

Machine holes and anode 1 1830 1830 

Place spindle 1 1 7 7 

Pick vacuum 2 8 16 

Vacuum anode 1 52 52 

Place vacuum 2 7 14 

Pick plate from workholding device 2 9 18 

Flip plate (anode) 1 27 27 

Air blow anode 1 32 32 

Vision inspection anode 1 7 7 

Pick spindle 2 1 7 7 

Machine cathode 1 904 904 

Place Spindle 2 1 7 7 

Vacuum cathode 1 87 87 

Flip plate (cathode) 1 25 25 

Air blow cathode 1 29 29 

Vision inspection cathode 1 5 5 

Place plate in finished parts fixture 1 28 28 

Total operation cycle time (min)   52.82 min 

 

3.2. Effect of tool wear on dimensional accuracy 

When cutting graphite, the tool wear is caused by the 
abrasive nature of the graphite structure rather than by the 
cutting speed or material temperature. The only effective way 
to machine graphite is using diamond coated tools which last 
10-20 times longer than carbide tools [59-62]. 

For this demonstration, the end mills used for the cutting 
operations were made of solid carbide. This resulted in a rapid 
tool wear that affected in time the dimensional accuracy of the 
flow field channels. When the tool wears, the normal feed 
force, FfN which is generated on the tool during the cutting 
process and which is perpendicular to the tool trajectory 
becomes excessive, and in combination with the low robot 
stiffness affects the dimensional accuracy of the machined 
features. Figure 11 shows a first (left) and a fourth (right) anode 
flow field machined with the same tool. The highlighted 
channel segments are cut in opposite directions. The figure 
shows that the TCP was deviated from the programmed 
toolpath in a direction perpendicular to the tool trajectory. 
Table 3 shows the deviation from the programmed toolpath 
measured for the adjacent channels shown in Figure 11, for four 
plates machined consecutively using the same tool. To prevent 
this, diamond coated tools must be used. 
 

 
 
Fig. 11. Anode flow fields machined with the same end mill: the first plate 
(left) and the fourth plate (right). The figure shows that as the tool wears, the 
TCP deviates from the programmed toolpath in a direction perpendicular to the 
tool trajectory. 

Table 3. Toolpath deviation due to tool wear, measured for four plates cut 
consecutively using with the same tool. 

Plate Deviation (mm) 

First plate 0 ÷ 0.05 

Second plate 0.09 ÷ 0.20 

Third plate 0.31 ÷ 0.33 

Fourth plate 0.39 ÷ 0.48 

4. Conclusions 

A single robot-based manufacturing system for unattended 
machining and inspection of graphite bipolar flow field plates 
for proton exchange membrane fuel cells (PEMFCs) was 
designed and integrated for demonstration and validation. 
Unlike most robotic manufacturing systems where an industrial 
robot is used for tending an automated tool such as a CNC 
machine, in the present system the industrial robot performs all 
manufacturing operations, including machining the flow fields 
on both sides of the plates, changing the tools, handling the 
plates, vacuuming the plates and the workholding device of 
graphite dust, flipping the plates, air blowing them and 
performing machine vision inspection for quality control.  

The toolpath for robotic machining the flow fields were 
generated offline using Roboguide simulation software with its 
CAD-to-Path feature. The manufacturing system uses an 
integrated machine vision inspection process (Fanuc iRVision 
2D) as a diagnostic tool for in-line checking the presence of 
machined features and in-line verification of feature 
dimensions.  

Besides the considerably lower capital cost compared to 
other automated manufacturing systems resulted from the 
elimination of the automated machine tool, the demonstrated 
robotic cell has the advantage of better managing the abrasive 
graphite dust resulted in the manufacturing process. 

To prevent toolpath deviation from the programmed 
trajectory due to reduced robot stiffness, the feed rates used in 
the cutting operations were one-to-two orders of magnitude 
lower than the ones recommended for machining graphite. To 
reduce the machining operation time and compete with CNC 
machining, one must use robots with stiffer joints, spindles 
with higher RPM capabilities, tools with higher number of 
flutes, or by adopting compliance error compensation 
techniques.   
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