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TRANSIENT FRICTION AND WEAR SIMULATION
OF WORM GEARS DURING RUNNING-IN

Due to substantial sliding in tooth contact, friction losses are an issue 
in worm gears, but a simulation tool can be used to study the behavior 

between two interacting tribological measures – friction and wear – 
during the running-in of worm gears.

26

46POWERFUL SOLUTIONS FOR  
HIGH-SPEED APPLICATIONS

COMPANY PROFILE Since 1950, REGO-FIX has offered precision 
toolholding solutions such as its ER collets, but the company is looking 

to make inroads within the gear industry with its innovative powRgrip 
System for 5-axis gear milling.

36 COMBINED LUBRICATION OF SURFACE 
TEXTURING AND COPPER COVERING FOR A 
BROACHING TOOL
Proper surface texture can reduce the friction of the tool-chip interface, 
and the cutting fluid is stored to form micro-pool lubrication, which leads 
to a reduction in cutting force and temperature.

FEATURES

http://gearsolutions.com


March 2022     3

mailto:info@khkgears.us?subject=Referred by Gear Solutions


4     gearsolutions.com

MARCH 2022 • VOLUME 19, NUMBER 3

WILLIAM MARK MCVEA 

A GUIDE TO SELECT RATIO SPLIT  
IN A MULTI-STEP GEARTRAIN
This article focuses on the aspect of 
ratio spread as a function of the overall 
required ratio as an optimization exercise.

New products, trends, services, and 
developments in the gear industry.

BRIAN DENGEL 

OIL, GREASE, OR DRY: WHAT IS THE 
BEST LUBRICANT FOR MY GEAR 
TRAIN?
When designing any gear application, you 
must account for the effects of friction 
and take measures to minimize its impact 
on the performance of the gear system.
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CONTROL PLAN FOR OIL-BASED 
QUENCHANTS
It is important that the user and supplier 
of quench oil work together to establish 
appropriate limits for the user’s process.

Helios announces all-new M673  
gear-shaping machine.

Live surface roughness, texture, and 
tribology workshop set for May.

Reports, data, and developments to keep 
you aware of what’s happening with your 
colleagues in the gear-manufacturing 
industry around the country and world.
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educational and training opportunities, technical meetings and seminars, 
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KENNETH CARTER, editor

editor@gearsolutions.com
(800) 366-2185  x204

Without proper lubrication, the excess friction and dry metal-to-metal contact on gears 
and the tools that make them would be detrimental to their proper functioning.

That’s why it’s vitally important to understand the challenges of proper gear lubricant 
formulation.

With this month’s issue, Gear Solutions is bringing you some detailed insight into this 
gear-industry necessity.

Friction losses can be an issue in worm gears, but in our cover article, K. Daubach, 
M. Oehler, and B. Sauer discuss how a simulation tool can be used to study the behavior 
between two interacting tribological measures — friction and wear — during the running-
in of worm gears.

Our next article performs some Focus-topic double duty, because lubrication can also 
be important when it comes to broaching tools.

An article from Jing Ni, Kai Feng, Kai Zhuang, Zhiqian Sang, Zhen Meng, and Md 
Mizanur Rahman looks at how proper surface texture can reduce the friction of the tool-
chip interface. This becomes important when combining the lubrication of surface textur-
ing and copper covering for a broaching tool.

If you’re looking for some innovative solutions for high-speed applications, be sure 
and check out this month’s company file featuring REGO-FIX. Since 1950, REGO-FIX has 
offered precision toolholding solutions such as its ER collets, but the company is looking 
to make inroads within the gear industry with its innovative powRgrip System for 5-axis 
gear milling. 

And don’t forget to dive into Gear Solutions’ regularly featured columns. You’re sure to 
find something that you didn’t know before, and one of our columnists might even elicit 
a smile or two as well.

2022 may be a quarter of the way into the history books already, but Gear Solutions has 
a whole lot more in store for you, so “stay tuned” and keep me posted on anything you’d 
like to see or contribute in the coming months.

Have an amazing spring, and, as always, thanks for reading!

The importance of lubrication 
and broaching
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Helios announces  
all-new M673  
gear-shaping machine
For the first time, gear manufacturers can 
now access the new model M673 CNC gear 
shaping machine, designed and built by 
Monnier + Zahner (“MZ”) in Switzerland 
and distributed in North America by Helios 
Gear Products. 

“This world-class machine tool equips 
gear manufacturers to profitably produce 
fine-pitch parts with easy programming, 
proven automation, and contemporary tech-
nical features,” said Adam Gimpert, presi-
dent of Helios. This combination — backed by 
Helios’s expert service and support — offers 
manufacturers a higher level of reliable pro-
ductivity for the 21st century.

Gear shaping is a versatile cutting process 
for producing external or internal gears and 
other repeating tooth forms such as splines, 
sprockets, and serrations. The M673 features 

1.25 module (20 DP) Fanuc CNC shaping for 
parts up to 80 mm (3.15 in) diameter, 10–30 
mm (0.4–1.18 in) stroke length up to 2,000 
strokes per minute, a compact footprint, and 
unified versatile gantry automation. The 
machine design uses an all-new flexible tail-
stock concept that allows ample clearance 
when shaping small parts, making its ease-
of-use unparalleled.

Gear manufacturers of medium- to high-
volume fine-pitch jobs will increase produc-
tivity with the M673’s set of features, ease 
of training, and intuitive programming. 
High-volume, internal gear and spline shap-
ing especially benefit from the M673’s use 
of automation, high-speed cutting (with 
carbide cutting tools), and flexible tailstock. 
As a result of over five years of research and 
development, no other CNC gear-shaping 
machine offers the unique combination of 
technical specifications, MZ craftsmanship, 
and Helios support, making this a go-to shap-
ing solution for world-class gear production.

For decades, Monnier + Zahner has 
been the global leader for expertly crafted 

machine tools. Gear manufacturers looking 
to get the most out of their capital invest-
ment trust MZ equipment to go above and 
beyond on all fronts including precision, 
quality, ease of use and training, versatility, 
and automation. In the U.S., Canada, and 
Mexico, Helios has provided full service and 
support of MZ products for decades, so man-
ufacturers benefit from a complete machine 
tool solution. The M673 meets these demand-
ing qualifications of a MZ-Helios machine 
tool platform.

MORE INFO www.heliosgearproducts.com

Live surface roughness, 
texture, and tribology 
workshop set for May
An in-person 2 1/2-day class and workshop 
in surface texture, friction, and wear will 
be held in Livonia, Michigan, May 4–6, 2022. 
class will include both lectures and hands-
on equipment demonstrations to help stu-
dents expand their understanding of surface 
roughness concepts and applications.

“The May 2022 class is designed for engi-
neers, technicians, and researchers working 
in automotive, aerospace, materials, medi-
cal devices, polymers, and other fields,” said 
Don Cohen, PhD, who will present the course. 

“It’s been over two years since we have been 
able to present this class in-person. The live 
format can be more engaging, and it enables 
immediate question-and-answer feedback. 
The additional workshop component will 
give attendees a chance to get hands-on 
training with measurement equipment such 
as optical profilers, tribology testers, and 3D 
scanners.”

The class will offer a deep dive into course 
topics including:

 �Measuring roughness and waviness.
 � Surface measurement instruments.
 � How to correctly set filters for texture 

measurements.
 � Data analysis techniques and tools.

The new model M673 CNC gear-shaping machine is designed and built by Monnier + Zahner in Switzerland and 
distributed in North America by Helios Gear Products. (Courtesy: Helios)

INDUSTRY
NEWS NEW TRENDS, SERVICES & DEVELOPMENTS

SEND US YOUR NEWS  Companies wishing to submit materials for inclusion in Industry News should contact the editor, 
Kenneth Carter, at editor@gearsolutions.com. Releases accompanied by color images will be given first consideration. 

http://www.heliosgearproducts.com
mailto:editor@gearsolutions.com?subject=Referred by Gear Solutions
http://gearsolutions.com
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 � Surface texture parameters.
 � How to specify surface texture.
 � How surface texture relates to wear, 

sealing, and other functionality.
 � Surface energy, adhesion and texture, 

paint appearance.
 �Mechanics of dry friction and rolling 

friction.
 � Fundamentals of lubrication.
 � Surface metrology strategy.

“We have been holding classes in surface 
metrology and tribology for over 15 years,” 
Cohen said. “Our students report that the 
in-person format helps them to focus, under-
stand, and retain this fundamental informa-
tion.”

Cohen established Michigan Metrology in 
1994 to help engineers and scientists solve 
problems related to squeaks, leaks, friction, 
wear, appearance, adhesion, and other issues 
using 3D surface-texture measurement and 
analysis.

MORE INFO www.michmet.com/classes

Guill offers machining, 
fabricating services  
for aerospace 
For more than 55 years, Guill Tool has been 
providing tooling for the aerospace, extru-
sion, medical, consumer and commercial, 
defense, wind, oil and energy industries. 
Due to its years of experience, the company 
has a highly skilled team of expert machin-
ist engineers trained in the latest CAD, 
CAM, CFD, and FEA programs. Besides being 
experts in extrusion tooling, Guill is a major 
industrial manufacturer who can provide 
customers with one-stop shopping for their 
tooling and other select machine shop needs. 

The company has announced its intent 

to offer merchant machining services to the 
global aerospace industry. Tom Baldock will 
lead the effort at Guill. He is based at the 
company’s headquarters in Rhode Island. 

The Guill high-quality standards are 
evidenced by the company’s many certifica-
tions, including ISO 9001:2015. Defense cer-
tifications include AS9100:2016 (aerospace 
manufacturing), MIL-I-45208A (inspection 
system), MIL-STD-45662A (calibration sys-
tem), JCP Certified (government contract-
ing), ITAR Registered (export compliant), 
NIST SP800-171 (cyber security), and others. 

As part of this new merchant machining 

program, Guill offers 5-axis machining cen-
ters, high precision machining, and full wire 
EDM capabilities, highlighted by a 0.008” 
hole popper. Guill machines super alloys and 
exotic metals to close tolerances. They offer 
state-of-the-art precision machining of many 
materials including aluminum, aluminum 
bronze, HY-80, HY-100, Hastelloy, Inconel, 
K-Monel, nickel copper, stainless and carbon
steel, and titanium. Guill continues to invest
in using innovative machine tools with the
most advanced automation controls and
operated by experienced technicians. Guill
Tool endeavors to be a cost-efficient manu-

Established in 1957  |  Veteran-Owned  |  ISO 9001:2015  |  AS9100D  |  ITAR Compliant

Hurry up and wait. Seems like the 
supply chain’s affecting everyone’s 

business these days. Our timing’s 
perfect. We’ve added significant 
capacity to shorten 
the distance from 
you to the custom, 
high-precision 
gears you’ve been 
waiting 
for.

Your best 
gears are 

closer than 
you think. 

Established in 1957  |  Veteran-Owned  |  ISO 9001:2015  |  AS9100D  |  ITAR Compliant

Feeling Supply 
Chained?

Established in 1957  |  Veteran-Owned  |  ISO 9001:2015  |  AS9100D  |  ITAR CompliantEstablished in 1957  |  Veteran-Owned  |  ISO 9001:2015  |  AS9100D  |  ITAR Compliant

800.248.5152  |  southerngear.com  |  3685 NW 106 St. Miami, FL 33147

There’s a Better Way.

Fine, Medium, Coarse Pitch | Spur, Helical | 
Shafts, Sprockets, Worms | Straight, Spiral, Hypoid Bevel 

Dr. Donald Cohen of Michigan Metrology is presenting 
a surface roughness, texture and friction class in 
person May 4-6, 2022, covering fundamental topics 
in surface texture, roughness, wear, finish, and 
friction. The event will include a live workshop with 
industry experts and equipment. (Courtesy: Michigan 
Metrology)

http://www.michmet.com/classes
http://southerngear.com
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facturer while adhering to a continuous 
improvement quality program. 

Guill CNC milling machines offer 
resources needed to successfully fulfill the 
most challenging aerospace parts and tool-
ing to keep aircraft running efficiently and 
precisely. The precision of CNC turning is 
offered for quicker production that meets 
rigorous standards on short and medium 
runs, regardless of the complexity of the 
parts. Guill multi-axis machines can produce 
a variety of sizes, complex engineering, and 

geometric intricacies. Prototype machining 
and rapid manufacturing enable engineer-
ing to develop and innovate solutions with 
the ability to respond quickly and modify 
parts. Super alloys and other materials are 
offered to benefit customers who need new 
solutions to remain competitive. Finally, 
wire EDM eliminates the force put on part 
surfaces. This protects intricate and fragile 
tooling, plus it provides higher tolerances 
and accuracy. 

Machining capabilities range from small 

hole machining of 0.008” in diameter and 
machining material measuring up to 15 
inches in all axes.

Typical products produced are brackets, 
latches, engine components, fine hole cool-
ing channels, and structural mechanisms. 

MORE INFO www.guill.com/aerospace

Olympus offers 
nondestructive testing 
instruction to students
Olympus recently donated OmniScan™ 
flaw detection equipment to LeTourneau 
University to support the next generation 
of nondestructive testing (NDT) inspectors. 
Olympus phased array ultrasonic testing 
(PAUT) specialists Curtis Dickinson and 
Rob Frashefski traveled to the campus in 
Longview, Texas, to offer students in-person 
instruction.

The class they visited, nondestructive 
evaluation and testing, is a senior-level 
course that teaches engineering students 
the theory and practice of NDT methods. 
Using the OmniScan equipment to demon-
strate, the Olympus experts discussed PAUT 
theory and practice with the students in 
the welding/materials joining engineering 
program. 

“It was a great experience getting to learn 
about ultrasonic phased array and how to 
maximize the use of the equipment in our 
studies,” said Amber Van Duyn, welding 
engineering junior.

LeTourneau University is a Christian 
polytechnic university where engineering 
is taught through an immersive, hands-on 

GEARING AHEAD TO MEET 
INDUSTRY’S DEMAND  

FOR PRECISION

Precision Gear Products (up to AGMA Q14):
Spur Gears, Helical Gears, Worm Gears, Anti-Backlash Gears, Cluster Gears, 
Clutch Gears, Face Gears, Planetary Gears, Gear Assemblies, Gear Boxes, 

Bevel Gears, Miter Gears, Metric Gears, Internal Gears, Idler Gears, Gear Rack 
& Pinion, Worms, Wormshafts, Splines, Spline Shafts, Serrated Shafts.

STD Precision Gear & Instrument, Inc. 
318 Manley St. • W. Bridgewater, MA 02379 

(888) STD-GEAR or (508) 580-0035 
Fax: (888) FAX-4STD or (508) 580-0071 

E-mail: info@stdgear.com  •  Web site: www.stdgear.com

Aircraft • Aerospace • Actuation
Instrumentation • Optic

Robotics • Radar • Medical
Marine • Defense • Experimental

Prototype • Production
Hi-Performance Automotive

– SERVING –

CNC Thread Grinding
Nadcap Accredited: Heat Treatment, Induction Hardening, Passivation

Olympus application specialist Curtis Dickinson, 
center, instructs students Miguel Gonzalez, left, 
and Amber Van Duyn on proper inspection methods 
with phased array ultrasonic inspection technology. 
(Courtesy: Olympus)

INDUSTRY 
NEWS

http://www.guill.com/aerospace
mailto:info@stdgear.com?subject=Referred by Gear Solutions
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learning approach in a vibrant faith commu-
nity. The Department of welding/materials 
joining engineering is part of the ABET-
accredited bachelor of science in engineer-
ing (BSE) and bachelor of science in engineer-
ing technology (BSET) degree programs and 
offers concentrations in materials joining 
engineering.

Olympus is focused on creating customer-
driven solutions for the medical, life sciences, 
and industrial equipment industries. For 
more than 100 years, Olympus has focused 
on making people’s lives healthier, safer, and 
more fulfilling by helping to detect, prevent, 
and treat disease; furthering scientific 
research; and ensuring public safety.

MORE INFO www.olympus-ims.com 
 www.letu.edu)

Jergens Inc. hires  
Farkas for workholding 
solutions group
Jergens has hired Joseph Farkas as national 
sales manager for its workholding solutions 
group as Ken Marvar looks to retire in April. 
Farkas comes to Jergens with more than 20 
years of experience in sales development 
and management, as well as market chan-
nel strategies, for companies including the 
Timken Company, Fuchs, Sandvik, and 

Kennametal.
“Joe has proven 

himsel f  in his 
career with impres-
sive results for some 
of industry’s top 
suppliers and I am 
confident that he 
will also do a great 
job and take WSG to 
the next level,” said 

Ken Marvar. Farkas’ timing coincides with 
key developments at the company. 

“Jergens workholding group has momen-
tum in the market with recent advance-
ments in top tooling and custom solutions 
focused on 5-axis machining productivity, 
and we have a lot of confidence that Joe can 
support those technologies at the customer 
level and throughout our strategic partner-
ships,” said Matt Schron, Jergens Inc. general 
manager. 

“I am grateful for the opportunity and 
look forward to both the challenges and 
accomplishments to come,” said Farkas. A 
proponent of strong business practices, 

Farkas is Six Sigma trained and has a strong 
background in business planning, P&L per-
formance, sales and customer service met-
rics, and technical training. He has an associ-
ate degree in mechanical engineering from 
Stark State College, a bachelor’s in business 
management from Malone University, and 
an MBA from Ashland University. 

MORE INFO www.jergensinc.com

GF Machining Solutions 
announces new  
North America president
In line with its customer-centric growth 
strategy, GF Machining Solutions has 
appointed Chris Jones as the company’s 
president and managing director of North 
America. In his new position, Jones will play 
a pivotal role in further solidifying the com-
pany as the standard for intelligent machin-
ing solutions and as an industry leader in 
unparalleled service and support through 
operational and functional excellence.

To advance the company’s 2025 growth 
strategy, Jones will 
expand its presence 
in vital market seg-
ments, including 
medical, aerospace, 
aut o m o t i v e / d i e 
mold, packaging, 
energy, and con-
sumer electronics. 
Within these mar-
kets, GF Machining 

Solutions will continue to provide manufac-
turers with innovative application-specific 
technologies.

“My intent is to champion the customer 
and ensure that GF Machining Solutions is 
their most reliable and trusted manufac-
turing partner,” Jones said. “Leveraging my 
team’s expertise and deep understanding of 
the challenges today’s manufacturers face, 
we will work diligently to provide them with 
the quality and service they need for success.”

Jones brings to his new position more 
than 25 years of manufacturing industry 
experience and a history of driving results 
in both the industrial automation and 
machine tool sectors. His professional skills 
include Computer Numerical Control (CNC), 
complex robotic systems, sales management, 
and Six Sigma.

MORE INFO www.gfms.com

Joseph Farkas

Chris Jones

http://www.olympus-ims.com
http://www.letu.edu
http://www.jergensinc.com
http://www.gfms.com
http://mfgtalkradio.com
http://steelforge.com
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Hewland names  
Mark Ingram as new 
technical director
Hewland has hired Mark Ingram as its new 
technical director, overseeing the engineer-
ing team in developing market-leading EV 
powertrain solutions.

Following the strategic investment by 
Hero Motors Company at the beginning of 
2021, Hewland’s advanced design expertise 

combined with Hero Motors’ cost-leading 
mass-manufacturing capabilities enables 
the group to support customers from con-
cept to supply.

With more than 20 years of experience 
in the industry, Ingram has a wealth of 
experience for the role. Having previously 
worked for Changan UK, Ricardo, and GKN 
Technology, Ingram’s has collaborated with 
businesses and customers all over the world, 
including South Korea, Japan, China, and 
India.

As technical director for Hewland, Ingram 
will be supporting the design office and pro-
duction engineering teams in leading the 
transformation into 
mainstream higher 
volume programs 
for OEMs and tier 
one suppliers.

“The investment 
from Hero Motors 
made me really 
take notice of what 
Hewland is doing 
in the industry,” 
Ingram said. “As a respected presence in the 
motorsport industry, Hewland has always 
delivered world-leading products, and I 
wanted to be a part of the new transforma-
tion journey.”

“Mark’s expertise, experience, and his-
tory of working with global businesses and 
customers make him a great asset to the 
Hewland team,” said Andy Morley, manag-
ing director for Hewland. “We’re delighted to 
have him on board, and are looking forward 
to seeing what he brings to Hewland.”

MORE INFO www.hewland.com

C.O.R.E. from United 
Grinding Group  
nominated for award
Customer Oriented REvolution (C.O.R.E.), 
a product innovation from the United 
Grinding Group, has been nominated in the 
UX Design Awards for its outstanding user 
and customer experience. The UX Design 
Awards 2022 panel selected it from a pool of 
300 submissions across 58 countries.

C.O.R.E. brings to life a new machine 
interaction concept based on a modern 
hardware and software architecture. It 
standardizes the operation of all machine 
tools from the United Grinding Group, with 
a new 24-inch multi-touch C.O.R.E. panel 
that offers intuitive controls — similar to a 
smartphone — and personalized customiza-
tion options. The clean design of the C.O.R.E. 
panel features only a few buttons, result-
ing in clean visuals. The integrated front 
camera allows for quick and easy support 
via video calls. The virtual function keys 
are only displayed when needed, further 
reducing complexity and eliminating 
potential sources of error. The role-specific 
interface, with the option of limiting the 
display depending on who’s using it, also 

Mark Ingram

INDUSTRY 
NEWS

http://www.hewland.com
http://brgear.com
http://gearsolutions.com
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simplifies machine operation. In this way, 
C.O.R.E. improves the working experience 
both for the machine’s operators as well as 
setup and maintenance personnel. 

The merits of 
C.O.R.E. impressed 
the jury of the UX 
Desig n Awa rds 
2022, earning it a 
nomination. The 
award is renowned 
as the top global 
competit ion for 
outstanding experi-
ences, presented by 
the International 
D e s ig n  C e nt e r 
Berlin (IDZ). 

“We are quite 
pr oud of  t h i s 
nomination,” said 
Christoph Plüss, 
CTO of the United 
Grinding Group. 

“For years, a large 
group-wide team of 
software, hardware, 
and process experts 
have worked dili-

gently on C.O.R.E., with the target to create 
real added value for our customers in the 
area of user experience. We’re very pleased 
to hear that we have succeeded.” 

Nomination aside, C.O.R.E. encompasses 

much more than revolutionary machine 
operation. The groundbreaking hardware 
and software architecture open up new pos-
sibilities for networking, controlling, and 
monitoring the production process, and 
thus for process optimization. It also lays the 
foundation for the operation of modern IoT 
applications, thus opening the door to the 
digital future. “This is just the beginning. We 
are constantly working on C.O.R.E., looking 
more improvements to make our custom-
ers’ work even easier,” said Plüss. The United 
Grinding Group has set a goal to actively 
shape the digital future and make its custom-
ers more successful along the way.

MORE INFO www.grinding.com

Weiler Abrasives donates 
$25,000 to Workshops  
for Warriors
Weiler Abrasives, a leading provider of abra-
sives, power brushes, and maintenance prod-
ucts for surface conditioning, announced 
its continued support of the mission of 
Workshops for Warriors with a donation of 
$25,000. The nonprofit school trains and cer-
tifies veterans, wounded warriors, and tran-
sitioning service members in CNC, welding, 
computer-aided drafting (CAD), and other 
technical trades, as well as helping to place 

MI cuts gears 
to 250 inches 
in diameter and
grinds gears to
102 inches in
diameter. 

MI provides full
service gearbox
repair & testing
for dependable
overhaul and
enhancement of
gear drives. 

Machinists Inc.

800 / 244.4130
www.machinistsinc.com

ISO 9001 certified

From single
parts to complete

manufacturing
systems

Call us about 
your project

United Grinding’s new 
24-inch multi-touch 
C.O.R.E. panel offers 
intuitive controls — 
similar to a smartphone 
— and personalized 
customization options. 
(Courtesy: United 
Grinding Group)

Weiler Abrasives’ donation supports training for veterans entering advanced manufacturing careers. (Courtesy: 
Weiler Abrasives)

http://www.grinding.com
http://www.machinistsinc.com
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them in advanced manufacturing careers. 
Workshops for Warriors core values 

focus on human dignity, a commitment to 
those who have served, patriotism, integrity, 
and teamwork. Since 2008, the school has 
focused on rebuilding America’s advanced 
manufacturing talent workforce and sup-
porting transitioning service members and 
veterans to enter viable American advanced 
manufacturing careers. This year, the non-
profit will celebrate its 1,000th graduate and 
currently has graduates working in every 

state in the nation. 
“Weiler Abrasives has long believed in the 

importance of the Workshops for Warriors 
mission,” said Nate Schmid, director of glob-
al marketing, Weiler Abrasives Group. “We 
are pleased to be able to provide support to 
help veterans gain valuable skills, establish 
themselves in the technical trades and earn 
a consistent livelihood.” 

In addition to financial support, Weiler 
Abrasives has supplied in-kind donations of 
abrasive and safety products to Workshops 

for Warriors since 2014. 
“Weiler Abrasives has been a steadfast 

supporter of our organization. Their finan-
cial support and industry-leading products 
and commitment to veterans have helped to 
make our program a huge success,” said Lyle 
Palm, dean of welding and facilities head at 
Workshops for Warriors. 

MORE INFO www.weilerabrasives.com
www.wfw.org

West Ohio Tool Company 
wins small business  
honor from NHL team
As a result of their long-standing presence 
in the local community, West Ohio Tool 
Co. won the Columbus Blue Jackets Small 
Business of the Month award presented 
by First Merchants Bank contest. As the 
month of January winner, West Ohio Tool 
Co. received recognition as the featured 
company during a Blue Jackets game. They 
are one of six small businesses recognized 
during the season.

West Ohio Tool Co. is known for its prob-
lem solving, technical support, and long-
term partnerships with its manufactur-
ing customers in industries ranging from 
automotive to aerospace and medical. The 
company’s strong reputation rests on its 
high-quality tooling delivered in the short-
est amount of time possible, which allows 
customers to produce better parts faster. 

West Ohio Tool Co. purchased tickets for 
all employees and spouses who wanted to 
attend. After the game, West Ohio Tool Co. 
employees were welcomed on the ice for a 
photo. 

West Ohio Tool Co.’s hand-selected team 
of experts in engineering, tooling, innova-
tion, and advanced machining geometry 
develops custom cutting tools that have 
been exceeding expectations for more than 
30 years, with delivery times up to 75 percent 
faster than industry standards. The firm’s 
innovations include the patented edgeX4 
and the PCD cross-center tipped drill that 
runs up to three times faster and 10 times 
longer than carbide. As an experienced PCD 
and carbide cutting tool maker, West Ohio 
Tool Co. focuses on building long-term part-
nerships with customers based on problem 
solving, technical support, and better, faster, 
longer-running drills.  

MORE INFO www.westohiotool.com

A PERFECT MESH
American ingenuity, service and support teamed  
with Japanese efficiency, quality and technology.

100+ Years of Manufacturing Gear Hobbing Machines
8 Models of Machines from 50 to 1000mm

70+ Years of Manufacturing Gear 
Inspection Machines
Machine Models to 850 OD Capacity

Phone: 586-329-3755  \  Fax: 586-329-3965
rodney.soenen@involutegearmachine.com  \  www.involutegearmachine.com

KPS 201 GEAR  
SKIVING MACHINE

CLP-85 DDS  
GEAR TESTER

KN 152 CNC  
GEAR HOBBER

GTR 25 DOUBLE  
FLANK GEAR ROLLER 
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Virtual meetings don’t slow technical 
committee’s accomplishments

2
021 was AGMA’s second year in a row of holding only virtual 
technical committee meetings. Despite the challenges, our 
many hardworking volunteer committee members pressed on 
and brought six new AGMA documents to publication, reaf-

firmed nine documents, and worked on 14 additional open projects.
Documents added to our catalog in 2021 include:
 � AGMA 911, Design Guidelines for Aerospace Gear System, which 

is a complete rewrite of the 1994 edition to include the latest materi-
als, manufacturing process, and other aerospace specific develop-
ments.

 � AGMA 946-A21, Test Methods for Plastic Gears, a multi-year proj-
ect, which is AGMA’s first document to standardize and explain the 
unique requirements of plastic gear testing.

 � Two ISO gear tolerancing documents 
used widely around the world, and now 
adopted by AGMA, ANSI/AGMA ISO 1328-2-
A21, and AGMA ISO 10064-1-A21.

 � And out of our wormgearing committee, 
new revisions to ANSI/AGMA 6034 and ANSI/
AGMA 6134, the U.S. customary and metric 
editions of Practice for Enclosed Cylindrical 
Wormgear Speed Reducers and Gearmotors. 

Looking ahead in 2022, AGMA techni-
cal committees will continue work on 14 
documents, including an extensive reorga-
nization and update to ANSI/AGMA 6008, 
Specifications for Powder Metallurgy Gears, 
which will include the latest developments 
since it was last revised in 1998. Our Sound 
and Vibration committee will continue work 
on a new condition monitoring document 
that began in 2021. And we are especially 
looking for volunteers in the high-speed gearing industry to help 
with a possible revision to the high-speed gearing standard ANSI/
AGMA 6011-J14. 

The current list of active AGMA projects include:
 � AGMA 919-2: Condition Monitoring and Diagnostics of Gear Units 

and Open Gears: Part 2 - Applications and Advanced Analysis.
 � AGMA 923: Metallurgical Specifications for Steel Gearing.
 � AGMA 925: Effect of Lubrication on Gear Surface Distress.
 � AGMA 926: Recommended Practice for Carburized Aerospace 

Gearing.
 � AGMA 929: Calculation of Bevel Gear Top Land and Guidance on 

Cutter Edge Radius. 
 � AGMA 943: Tolerances for Spur and Helical Racks.

 � AGMA 947: Gear Reducers — Thermal Capacity Based on ISO/TR 
14179-1.

 � AGMA 955: Information sheet on gear lubrication.
 � ANSI/AGMA 1012: Gear Nomenclature, Definitions of Terms with 

Symbols.
 � ANSI/AGMA 1103: Tooth Proportions for Fine-Pitch Spur and 

Helical Gearing.
 � ANSI/AGMA 1106: Tooth Proportions for Plastic Gears.
 � ANSI/AGMA 2101: Fundamental Rating Factors and Calculation 

Methods for Involute Spur and Helical Gear Teeth. 
 � ANSI/AGMA 2116: Evaluation of Double Flank Testers for Radial 

Composite Measurement of Gears.

 � ANSI/AGMA 6008: Specifications for Powder Metallurgy Gears.
Additional information on AGMA technical committees, including 

a scope of their activities, can be found in the Technical Committees 
section of the AGMA website, www.agma.org. To join AGMA technical 
committees, or ask questions about standards and information sheets, 
please contact the AGMA Technical Division at tech@agma.org. 

The expert knowledge, meticulous attention to detail, and con-
sensus-building skills of our volunteer members who work hard in 
the background to develop the standards often goes unnoticed. The 
benefits of their work, however, are front and center to the gear 
industry and gear users every day. For all the valuable contributions 
of our committee members to help the gear industry and gear users 
everywhere, we thank you! 

Jenny Blackford
Vice President of  
Communications
AGMA

Phillip Olson
AGMA Staff EngineerAmerican 

Gear Manufacturers
Association

http://www.agma.org
mailto:tech@agma.org?subject=Referred by Gear Solutions
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American 
Gear Manufacturers
Association

Technical Committees

Aerospace Gearing Committee
Chair: Thomas Doubts, GE Aviation
The Aerospace Gearing Committee determines special consider-
ations required for gears used in manned and unmanned aircraft, 
rockets, and missiles, as well as for the guidance and data systems 
used for control of the same.

Bevel Gearing Committee
Chair: Bob Wasilewski, Arrow Gear
The Bevel Gearing Committee evaluates the materials, design, manu-
facturing, and application of bevel gearing. This committee does not 
work on documents that discuss the inspection of bevel gears.

Cutting Tools Committee
Chair: John Brunner, Rexnord Gear Group
The Cutting Tools Committee evaluates the tools for producing gear 
teeth, such as hobs, shaper cutters, grinding wheels, etc. The commit-
tee maintains a relationship with the organizations involved directly 
with such tools to stay up-to-date with their activities.

Enclosed Drives for Industrial Applications Committee
Chair: Todd Praneis, Cotta Transmission Company, LLC
The Enclosed Drives for Industrial Applications Committee evalu-

ates the design, rating, and application of enclosed drives in which 
helical, herringbone, or spiral bevel gears are the principal form of 
gearing.

Epicyclic Enclosed Drives (Planetary) Committee
Chair: OPEN
The Epicyclic Enclosed Drives Committee evaluates the design, rat-
ing, and application of enclosed drives employing epicyclic (plan-
etary) gear arrangements.

Fine-Pitch Gearing Committee
Chair: Jodi Bello, Apex Tool Group
The Fine-Pitch Gearing Committee evaluates design considerations, 
tooth forms, and other aspects of fine-pitch gears (spur and heli-
cal) and face gears that must be treated in a different manner from 
coarse-pitch gears.

Flexible Couplings Committee
Chair: Todd Schatzka, Rexnord Innovation Center
The Flexible Coupling Committee evaluates the design, rating, and 
application of mechanical connectors for transmitting torque with-
out slip, and for accommodating misalignment between axially ori-
ented rotors.
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AGMA has over 1,000 Twitter followers! Join the conversation @agma

Gear Accuracy Committee
Chair: Steve Lindley, Rexnord Gear Group
The Gear Accuracy Committee develops the AGMA classification 
systems covering quality, measurement methods, inspection equip-
ment, and master gear specifications used in the inspection of 
gears. The classification systems developed by the Gear Accuracy 
Committee facilitate effective and efficient communication between 
designers, manufacturers, and customers.

Helical Enclosed Drives High Speed Units Committee
Chair: John B. Amendola Sr., Artec Machine Systems
The Helical Enclosed Drives: High Speed Units Committee evaluates 
the design, rating, and application of enclosed helical gear drives 
where the pitch line velocity exceeds 7,000 rpm, or pinion speed 
exceeds 4,500 rpm.

Helical Enclosed Drives Marine Units Committee
Chair: Dick Calvert, Chalmers & Kubeck
The Helical Enclosed Drives: Marine Units Committee evaluates the 
design, rating, and application of enclosed drives, in which helical 
gears are the principal form, for propulsion and ship service genera-
tor sets.

Helical Gear Rating Committee
Chair: Frank Uherek, Rexnord Gear Group
The Helical Gear Rating Committee determines strength and durabil-
ity rating of spur and helical gears.

Lubrication Committee
Chair: Bill Hankes, A-C Equipment Services
The Lubrication Committee works on the description, and appli-
cation, of lubrication of open and enclosed gear sets, and creates 
guidelines for minimum performance characteristics for lubricants 
suitable for use in general power transmission applications.

Metallurgy and Materials Committee
Chair: Carl Ribaudo, Timken Company
The Metallurgy and Materials Committee evaluates the materials 
and the heat-treatment processes used in gear manufacturing.

Mill Gearing Committee
Chair: Gary A. Bish, Horsburgh & Scott Company
The Mill Gearing Committee evaluates the special considerations 
required for helical and herringbone gears used to drive cylindrical 
grinding mills, kilns, dryers, and metal rolling mills.

Nomenclature Committee
Chair: Dwight Smith, Mitsubishi Heavy Industries America, Inc.
The Nomenclature Committee develops definitions, symbols, 
terms, etc., for all elements and types of gears. Documents created 
by the Nomenclature Committee establish a common language for 
members of the gear industry to effectively and efficiently com-

municate with each other.

Plastics Committee
Chair: Ernie Reiter, Web Gear Services Ltd.
The Plastics Gearing Committee evaluates the material, design, rat-
ing, manufacturing, inspection, and application of molded or cut-
tooth plastic gearing.

Powder Metallurgy Committee
Chair: Paul Crawford, Sintered Metal Consulting
The Powder Metallurgy Gearing Committee evaluates the materi-
als, design, rating, manufacturing, inspection, and application of 
powder-metallurgy gearing.

Sound & Vibration Committee
Chair: Steve Rogan, Artec Machine Systems
The Sound and Vibration Committee evaluates the specifications 
and the methods of monitoring sound and vibration, as applied to 
gearing. The committee generally focuses on enclosed gear drives.

Spline Committee
Chair: Deanna Majchszak, Dana Inc.
The Spline Committee works on the development of a comprehensive 
set of standards on design, rating, accuracy, application, inspection, 
and maintenance of splines.

Vehicle Gearing Committee
Chair: Rick Platt, Allison Transmission, Inc.
The Vehicle Gearing Committee evaluates the special considerations 
required for gears used to propel ground-based vehicles.

Wind Turbine Gear Committee
Chair: Brent Reardon, Siemens Industry, Inc.
The Wind Turbine Gear Committee is a joint committee with the 
American Clean Power Association that develops gear standards used 
in the production of wind energy.

Wormgearing Committee
Chair: Martin Peculis, Cleveland Gear Company
The Wormgearing Committee evaluates all aspects of cylindrical 
and globoidal wormgearing, including design, rating, application 
of enclosed drives, and their inspection.

http://www.agma.org
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AGMA LEADERSHIP

CALENDAR OF EVENTS
Whether you’re looking for technical education, networking opportunities, or a way for your voice to be heard  
in the standards process, AGMA has something to offer you. If you would like more information on any of the  
following events, visit www.agma.org or send an email to events@agma.org.
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General requests: webmaster@agma.org  |  Membership questions: membership@agma.org  |  AGMA Foundation: foundation@agma.org  

Technical/Standards information: tech@agma.org  |  MPT Expo information: mptexpo@agma.org
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Matt Croson: President

Amir Aboutaleb: VP, Technical Division

Jenny Blackford: VP, Marketing

Randy Stott: VP, AGMA Media

Greg Schulte: Chairman
Bonfiglioli USA

Michael Cinquemani: Treasurer
Master Power Transmission

Michael McKernin: Chairman, BMEC
Milans Machining and Gear Manufacturing

Todd Praneis: Chairman, TDEC
Cotta Transmission Company, LLC

John Cross: Chairman Emeritus
ASI Drives

Craig Burriss: Industrial Gear Group

Zen Cichon: Innovative Rack & Gear Company

Brian Coclich: CGI, Inc.

Greg Estell: The Estell Group LLC

Adam Gimpert: Helios Gear Products

Mushtaq Jamal: Bevel Gears India, Pvt, Ltd.

Ruth Johnston: Croix Gear & Machining 

Scott Miller: Caterpillar, Inc.

Eric Van Rens: Schafer Industries

Robert Rye: Cincinnati Gear Co. 
Sara Zimmerman: Sumitomo Drive Technologies
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March 22-24 — Gearbox CSI — Concordville, Pennsylvania

March 31-April 2 — AGMA/ABMA Annual Meeting — Palm Beach Gardens, Florida

April 4-8 — Basic Training for Gear Manufacturing — Chicago, Illinois

April 12 — Gear Nomenclature Meeting — WebEx

April 14 — Gear Accuracy Committee Meeting — WebEx

April 19-21 — Fundamentals of Gear Design and Analysis — Clearwater Beach, Florida

May 12 — Design Basics for Spur and Helical Gears — WebEx

May 12 — Gear Nomenclature Meeting — WebEx

May 17-19 — Gear Manufacturing and Inspection — St. Augustine, Florida

May 24 — Metallurgy and Materials Committee Meeting — WebEx

May 26 — Bevel Gearing Committee Meeting — WebEx
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mailto:events@agma.org?subject=Referred by Gear Solutions
mailto:webmaster@agma.org?subject=Referred by Gear Solutions
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March 22-24 — Gearbox CSI — Concordville, Pennsylvania

March 31-April 2 — AGMA/ABMA Annual Meeting — Palm Beach Gardens, Florida

April 4-8 — Basic Training for Gear Manufacturing — Chicago, Illinois

April 12 — Gear Nomenclature Meeting — WebEx

April 14 — Gear Accuracy Committee Meeting — WebEx

April 19-21 — Fundamentals of Gear Design and Analysis — Clearwater Beach, Florida

May 12 — Design Basics for Spur and Helical Gears — WebEx

May 12 — Gear Nomenclature Meeting — WebEx

May 17-19 — Gear Manufacturing and Inspection — St. Augustine, Florida

May 24 — Metallurgy and Materials Committee Meeting — WebEx

May 26 — Bevel Gearing Committee Meeting — WebEx
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A guide to select ratio split in a multi-step geartrain

which are defined by the individual ratios required to produce the 
required overall ratio. This article does not intend to address the 
requirements of a multi-speed, multi-shaft gearbox. In that type of 
design, each shaft will have a required ratio, and thus each ratio-step 
will be defined by the gearbox requirements.

Of course, there are also the requirements of packaging to con-
sider, along with all the practical aspects of gearbox design and devel-
opment, such tooling and gearbox size and shape, etc. Although those 
parameters are important and must be adhered to, this article will 
focus purely on the aspect of ratio spread as a function of the overall 
required ratio as an optimization exercise.

As we know, the overall ratio is the individual step-ratios multi-
plied together. The task then is to determine how to determine the 
individual ratios. There are a number of factors to consider (beyond 
those listed above). Generally, it is a good idea to attempt to generate 
the individual step ratio based on a combination of tooth numbers 
based on prime numbers. Ideally, you would want to achieve the ratio 
requirements using a prime number of teeth in each of the driver 
and driven members, or a full hunting tooth design. Sometimes, of 
course, you cannot use any prime number tooth count due to ratio 
requirements, thus you may be forced into a semi-hunting tooth 
design wherein only one of the two members has a prime number 
of teeth and the other does not.

Let’s add some additional constraints. If we know the torque 
requirements and some idea of input or output rotational speed, 
then we can start to define the bearings we are likely to use. We may 
not be able to select an exact bearing part number, but we can select 
a size and series of bearing. With a bearing identified, we know the 
number of rolling elements, therefore we can calculate the bearing 
pass frequency (e.g. a reasonable estimate of shaft rotational speed 
times the number of rolling elements converted to revolutions per 
second is the bearing pass frequency). We want to make sure that 
our gear mesh frequency, at least for that stage, is a very different 
frequency and / or not a multiple of the bearing pass frequency. 

Now we have some parameters to start to design our gear ratios. 
Briefly, I would like to present a formulation for the design of a multi-
stage gear train that selects stage ratios in a manner that maximizes 
transmission efficiency, maximizes rotational acceleration, and / 
or minimizes mass for a given desired total transmission ratio. The 
problem is basically a constrained multivariate optimization prob-
lem for any number of stages and can be used with a wide variety of 
stage scaling criteria. The scaling criteria will be shown to provide 
constant tooth stress for each stage. We also need to remember that 
for a single parallel axis gearset the maximum ratio is probably no 
more than about 5.0 : 1.0 for reasonable tooth form. Thus, as an exam-

ple, if we wanted an overall ratio of 35.0 : 1:0, we would need at least 
three stages. We might try to package the 35:1 into just two stages, 
and if the gears are large enough in diameter, we may find that we 
could actually make this work. However, for our discussion, we will 
state that we need three stages. The simplest way to develop the indi-
vidual stage ratio would be to take the overall ratio and simply take 
the cube-root of it. For our example, that would be the cube-root of 
35, or 3.271 : 1.0. A quick calculation provides several tooth combina-
tions that give us a ratio near the target (e.g. 72 X 22, 3.2727 : 1.00, 
as an example, with an overall ratio of 35.052 : 1.00). However, this 
will not provide an optimized gear design as a function of weight or 
stress equalization in each stage of the design.

To address this, and as a rule-of-thumb, I suggest the following 
ratio distribution. Start with the cube-root of the overall ratio, or 
the Ratio Root Coefficient. Staying with our example, that yields the 
cube-root of 35, or 3.271. 

Cube Root of Required Ratio or the Ratio Root Coefficient, 
CR3 = 350.3333 = 3.271

Starting with the third stage, the Third Stage Ratio Coefficient is 
given by the inverse of the natural log of overall ratio:

Inverse of the Natural Log of the Required Overall Ratio, 
CRStage3_Coeff = Inv Ln CR3 = 1 / Ln (35) = 0.2813

The Second Stage Ratio Coefficient is given by simply the required 
overall ratio divided by the number of stages:

Overall Ratio Divided by the Number of Stages, 
CRStage2_Coeff = 1 / (3) = 0.3333

Finally, the First Stage Ratio Coefficient is given by the difference 
of the other two ratio coefficients and unity:

One Minus the Sum of Stage 1 Ratio Coefficient and Stage 2 
Ratio Coefficient 

CRStage1_Coeff = 1 – (CRStage3_Coeff  + CRStage2_Coeff) = 0.3854

This article focuses on the aspect of ratio 
spread as a function of the overall required  
ratio as an optimization exercise. 

There are many variables and considerations that must be taken 
into account when you try to determine the optimum ratio spread, 

DR. WILLIAM MARK MCVEA, P.E.
PRESIDENT AND PRINCIPAL ENGINEER  KBE+

MATERIALS
MATTER

http://gearsolutions.com
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Now, let’s calculate the individual stage ratios for the low limit 
of our design. Remember, that we are given approximately a five 
percent ratio spread to design to, thus we have an implied lower 
limit of ratios and an upper limit. The basic form of the equation is 
the Ratio Root Coefficient multiplied by the individual Stage Ratio 
Coefficient multiplied by the Number of Stages.

So, for the third stage lower ratio limit:
Third Stage Lower Ratio Limit, 

CR3rd_LRL = (3.271) • (0.2813) • (3) = 2.760 : 1.00
Second stage lower ratio limit:

Second Stage Lower Ratio Limit, 
CR2nd_LRL = (3.271) • (0.3333) •(3) = 3.271 : 1.00

Finally, the first stage lower ratio limit;
First Stage Lower Ratio Limit, 

CR1st_LRL = (3.271) • (0.3854) • (3) = 3.782 : 1.00
Which gives us a low limit of the overall ratio 

(CR_OLRL) of; 34.146 : 1.00.
To calculate the upper stage ratio limits, we simply multiply the 

individual lower ratio limits by the Required Overall Ratio divided 
by the Overall Ratio Lower Limit.

Third stage upper ratio limit:
Third Stage Upper Ratio Limit, 

CR3rd_LUL = (2.760) • (35.000 / 34.146) = 2.892 : 1.00
Second stage upper ratio limit;

Second Stage Upper Ratio Limit, 
CR2nd_LRL = (3.271) • (35.000 / 34.146) = 3.353 : 1.00

Finally, the first stage upper ratio limit:
First Stage Upper Ratio Limit, 

CR1st_LUL = (3.782) • (35.000 / 34.146) = 3.877 : 1.00
Which gives us a low limit of the overall ratio 

(CR_OLRL) of: 36.773 : 1.00.
We now have a bracketed target for the overall ratio of each stage, 

as well as a bracket of acceptable ratios for the overall gearbox. What 
follows now is the process of selecting the appropriate tooth num-
bers, performing all calculations and checks of performance predic-
tions against design requirements, etc. As stated, we can further 
optimize our design by comparing predicted life of each stage to 
each of the other stages and working to balance then (no sense one 
stage wearing out significantly before any other), as well as develop-
ing packaging and spacing considerations. I’ll leave that to you. 

ABOUT THE AUTHOR 
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Oil, grease, or dry: What is the best lubricant for my gear train?   

Have you ever been driving down the road and the check engine 
light suddenly comes on? Sometimes the oil service light might 

come on too. With your automobile, it is tribal knowledge that 3,000 
miles or three months is a good indicator that you should change the 
oil in your car. With today’s synthetic oils and computerized engines, 
you have more flexibility but the old adage holds true. If you change 
the oil on a regular basis, your vehicle will operate with fewer head-
aches. Part of this longevity is due to the physical changing of the 
oil; the other part is that while you are changing oil, you have time 
to inspect other parts of the vehicle. This inspection allows you to 
identify other issues with the vehicle before they become significant 
problems. Just like your vehicle, it is important to regularly check the 
lubricant in your gear mechanism. 

Gears require different types of lubri-
cant depending on the operating condi-
tions. A simple hand-crank operation may 
not require any lubrication at all. However, 
applications that involve high speed or high 
torque must include a suitable lubrication 
method if the system is to run for any reason-
able amount of time. 

The reason lubrication is needed in a 
gear system is to counteract the effects of 
friction. As a gear interacts with another 
gear, the motion is transmitted via surface 
contact. The interaction of the surfaces on 
each gear creates friction. The friction in 
turn creates heat and it is the heat of the 
interaction that causes premature failure 
of the gears. When using metal gears, they 
can act as a heat sink and absorb some of 
the heat, pulling it away from the mesh. 
However, their ability to dissipate the heat 
is limited. A good lubricant will minimize the friction and will also 
cool the gear at the same time. 

There are three gear lubrication methods in general use: grease 
lubrication, splash lubrication (also known as the oil bath method), 
and forced oil circulation lubrication. 

There is no single best lubricant and method. Choice depends 
upon the tangential speed and rotating speed. At low speeds, grease 
lubrication is a good choice. For medium and high speeds, splash 
lubrication and forced oil circulation lubrication are more appropri-
ate, however there are exceptions. For example, some systems have 
maintenance reasons for which a grease lubricant is used even with 

high speeds. Tables 1a and 1b present lubricants, methods, and their 
applicable ranges of speed.

Grease lubrication can be applied in low speed/low load applica-
tions; however, it is important to apply grease periodically, especially 
for gears used in open environments. Since lubricants diminish or 
become depleted in the long term, periodically changing the oil or 
refilling is necessary. Use of lubricants under improper conditions will 
cause damage to gear teeth. When using gears at high speed/heavy 
load, or when using easily worn gears such as worms or screw gears, 
care should be taken in selecting the right type of lubricant; quantity 
and methods. The proper selection of lubricant is especially important.

When designing any gear application, you 
must account for the effects of friction and 
take measures to minimize its impact on the 
performance of the gear system.

No. Lubrication  Range of tangential speed v (m/s)

 1 Grease lubrication

 2 Splash lubrication

 3 Forced oil circulation  
 lubrication

0 5 10 15 20 25
 I I I I I I

No. Lubrication  Range of sliding speed v (m/s)

 1 Grease lubrication

 2 Splash lubrication

 3 Forced oil circulation  
 lubrication

0 5 10 15 20 25
 I I I I I I

Table 1a: Ranges of tangential speeds (m/s) for spur and bevel gears. 

Table 1b: Ranges of sliding speeds (m/s) for worm gears. 

BRIAN DENGEL
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Grease lubrication is suitable for any gear system that is open or 
enclosed, so long as it runs at low speed. There are three major points 
regarding grease. The first is that you must choose a lubricant with 
suitable cone penetration. A lubricant with good fluidity is especially 
effective in an enclosed system. The second is that grease lubrication 
is not suitable for use under high load and continuous operation. This 
is due to the cooling effect of grease not being as good as lubricating 
oil. As such, using grease may become a problem as the temperature 
can rise under high load and continuous operating conditions. The 
third issue is the proper quantity of grease, as there must be suffi-
cient grease to do the job. However, too much grease can be harmful, 
particularly in an enclosed system. Excess grease will cause agitation, 
viscous drag, and result in power loss.

Splash lubrication is used with an enclosed system. The rotating 
gears splash lubricant onto the gear system. Also known as oil bath 
lubrication, it requires a gear tangential speed of at least 3 meters/
second to be effective. However, splash lubrication has several prob-
lems, two of them being oil level and temperature limitation. There 
will be excess agitation loss if the oil level is too high. On the other 
hand, there will not be effective lubrication or ability to cool the 
gears if the level is too low. Table 2 shows guidelines for proper oil 
level. Also, the oil level must be monitored during operation as the 
oil level will drop from when the gears are stationary and once the 

gears are in motion. This problem may be countered by raising the 
level of lubricant in an oil when the gears are at rest. The tempera-
ture of a gear system may rise because of friction losses due to gears, 
bearings, and lubricant agitation. Rising temperature may cause one 
or more of the following problems:

 � Lower viscosity of the lubricant.
 � Accelerated degradation of the lubricant.
 � Deformation of the housing, gears and shafts.
 � Decreased backlash.

New high-performance lubricants can withstand up to 80°C-90°C℃. 
These temperatures should be regarded as the limits of this method. 
If the lubricant’s temperature is expected to exceed these limits, 
cooling fins should be added to the gear box, or a cooling fan should 
be incorporated into the system.

Forced oil circulation lubrication applies lubricant to the point of 
contact of the tooth mesh by means of an oil pump. There are drop, 
spray, and oil mist methods of application. For the drop method, an 
oil pump is used to suck-up the lubricant and then directly drop it 
on the contact area of the gears. The spray method uses an oil pump 
to spray the lubricant directly on the contact area of the gears. For 
the oil mist method, a lubricant is mixed with compressed air to 
form an oil mist that is sprayed into the contact area of the gears. 
This method is particularly suitable for high-speed gearing. An oil 
tank, an oil pump, an oil filter, piping, and other devices are needed 
in order to use a forced oil lubrication system. As such, it is typically 
used only for specialty high-speed and large gear box applications. 
By filtering and cooling the circulating lubricant, the right viscosity 
and cleanliness can be maintained. This method is considered to be 
the best way to lubricate gears.

Gears can also be run dry. Typically gears that are run dry are 
plastic gears that have self-lubricating properties. Some plastics also 
have a lubricant such as molybdenum disulfide impregnated into 
them. Some surface finishes such as Polytetrafluoroethylene which 
allow them to run dry in many environments. 

When designing any gear application, it is a requirement that you 
account for the effects of friction and take measures to minimize its 
impact on the performance of the gear system. Just like your vehicle, 
take the time to maintain the lubricant in your gear system and it 
will last a long time. 

ABOUT THE AUTHOR Brian Dengel is general manager of KHK-USA, which is based in Mineola, New York. Go online to www.khkgears.us

Table 2: Adequate oil level. 

There is no single best lubricant and 
method. Choice depends upon the 
tangential speed and rotating speed. 
At low speeds, grease lubrication is 
a good choice. For medium and high 
speeds, splash lubrication and forced 
oil circulation lubrication are more 
appropriate.
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Control plan for oil-based quenchants

In this column, I will propose a simple control plan for oil-based 
quenchants and corrective actions.

Oil quenchants have been used extensively to harden steel for more 
than 100-plus years. There is a wide variety of commercially available 
quenchants on the market from nearly as many different producers. 
In this column, a control plan for oil quenchants will be presented. 

Many types of oils have been used for quenching, including veg-
etable, fish and animal oils, and particular sperm whale oil have been 
used for quenching operations. The first petroleum-based quenching 
oils were developed around 1880 by E.F. Houghton in Philadelphia. 
Since that time, many advancements have been made in the devel-
opment of quenching oils to provide highly specialized products for 
specific applications.

A wide range of quenching characteristics can be obtained 
through careful formulation and manufacturing. High qual-
ity quenching oils are formulated from refined base stocks of 
high thermal stability. Selected wetting agents, antioxidants,  
and accelerators are added to achieve specific quenching char-
acteristics. The additions of these complex antioxidant packages  
are included to maintain performance for long periods of contin-
ued use — particularly at elevated temperatures. Emulsifiers may  
be added to enable easy cleaning after quenching.

Petroleum-based quench oils can be divided into several catego-

ries such as quenching speed, operating temperatures, and ease of 
removal. The simplest category is operational temperature: cold oils 
for operation below 90°C, and martempering oils used for tempera-
tures above 90°C.

As part of good practice and required by many auditing agencies 
such as NADCAP and CQI-9, quarterly or semi-annual testing of the 
used oil characteristics is required. Typical testing required, and the 
test method associated with the testing, is shown in Table 1. A correc-
tive action plan is required for out-of-specification testing.

CONTROL PLAN
All quenching oils should be checked periodically for their chemical 
and physical characteristics. If the user does not have in-house capa-
bility, the oil supplier or a qualified independent laboratory facility 
should be used. The results of the laboratory tests should show the 
quality of the used oil, along with an indication of the type of con-
tamination present. The supplier should also have the expertise to 
help the user eliminate further degradation. Table 2 shows a typical 
oil quenchant control plan.

Water is the most common and dangerous contaminant and 
should be avoided. Water in quench oil causes foaming and even 
explosions in certain systems. The tendency to initiate fires is greatly 
enhanced by this foam. Water also increases the tendency toward dis-
tortion and cracking of the quenched material. Entire heat-treating 
facilities have been destroyed by a fire resulting from a quench cycle 
into an oil containing small amounts of water. If water is detect-
ed, then settling, centrifuging, filtration, or heating methods can 
remove water. Care should be taken that additives are replaced if 

It is important that the user and supplier 
of quench oil work together to establish 
appropriate limits for the user’s process.

All quenching oils should 
be checked periodically for 
their chemical and physical 
characteristics. If the user does 
not have in-house capability, 
the oil supplier or a qualified 
independent laboratory facility 
should be used. 

D. SCOTT MACKENZIE, PH.D., FASM
SENIOR RESEARCH SCIENTIST–METALLURGY   
QUAKER HOUGHTON INC.
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removed with the water. If heat separation 
is used, the temperature and time must be 
controlled to minimize possible oxidation 
of the oil.

Solvents and other low flash material 
should be kept away from quenching oils. 
Reclaimed quench oils from washers, cen-
trifuges, etc., can be returned to the quench 
tank. However, care must be taken to seg-
regate the quench oil from other products 
and check its condition prior to adding it to 
the system.

CONCLUSION
It is important that the user and supplier of 
quench oil work together to establish appro-
priate limits for the user’s process. Many of 
the latest revisions of specifications, such as 
AMS 2759 [1] and auditing agencies such as 
NADCAP [2], require the heat-treating quenchant supplier to specify 
in the report whether the oil is “good” or “bad.” It is not possible 

for the quenchant supplier to know whether 
an oil or other quenchant provides satisfac-
tory performance, as the supplier does not 
completely know the parts processed or the 
processes used. The quenchant supplier can 
only determine if the used oil satisfies the 
manufacturing limits for new oil. Working 
with the customer, these limits can be modi-
fied for each application.

As always, should you have any comments 
or questions regarding this article, please 
contact the editor or me. 
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Property ASTM Test

SAFETY  
Viscosity D 445

Flash Point D 92

Water D 95

OXIDATION & CLEANLINESS  
Neutralization Number D 974

Precipitation Number D 91

Sludge D 91

PERFORMANCE  
Quenching Speed (GMQS) D 3520

Quenching Speed (Cooling Curve) D 6200

Table 1: Typical testing recommended for quench oils.

Property Acceptable Range Below limit Above Limit

Viscosity Defined by Manufacturer If below, there is possible  If TAN and Precipitation number 
  contamination by lower viscosity  or Sludge exceeds limit, filter 
  liquid. Investigate possible  to reduce viscosity and build-up 
  contamination. Add higher  of oxidation products. 
  viscosity quench oil to bring  
  back into range. 

Flash Point Defined by Manufacturer STOP quenching as serious  No action required 
  potential fire risk. Investigate  
  possible contamination. 

Water < 1000 ppm Below 250 ppm, no corrective  STOP quenching as potential fire 
  action required. At 250-800  and explosion hazard. Treat oil 
  investigate possible water  to remove water by heat or filtering 
  leaks/contamination 

Neutralization Number (TAN) < 1.5 or 2.0 No action required Filter to build-up of oxidation products.  
   If excessive, may require partial or  
   complete recharge.

Precipitation Number < 0.5 No action required Filter to build-up of oxidation products.  
   If excessive, may require partial or  
   complete recharge.

Sludge < 0.2% No action required Filter to build-up of oxidation products.  
   If excessive, may require partial or  
   complete recharge.

Quenching Speed (GMQS) Defined by Manufacturer Add accelerator Filter to remove oxidation products.  
   Potential partial dump or recharge.

Quenching Speed (Cooling Curve) Defined by Manufacturer    

Maximum cooling rate ± 25°F/s Add accelerator Filter to remove oxidation products  
   and particulate contamination.

Temperature at Maximum ± 25°F Add accelerator Filter to remove oxidation products  
Cooling Rate    and particulate contamination.

Table 2: Typical control plan for oil quenchant
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26     gearsolutions.com

LUBRICATION / BROACHINGISSUE
FOCUS

TRANSIENT 
FRICTION 
AND WEAR 
SIMULATION
OF WORM GEARS DURING 
RUNNING-IN

Printed with permission of the copyright holder, the American Gear Manufacturers Association, 1001 N. Fairfax Street, Suite 500, Alexandria, 
Virginia 22314. Statements presented in this paper are those of the authors and may not represent the position or opinion of the American Gear 
Manufacturers Association. (AGMA) This paper was presented November 2021 at the AGMA Fall Technical Meeting. 21FTM02



March 2022     27

Due to substantial sliding in tooth contact, friction 
losses are an issue in worm gears, but a simulation 
tool can be used to study the behavior between two 
interacting tribological measures – friction and wear 
– during the running-in of worm gears. 
By K. DAUBACH, M. OEHLER, and B. SAUER

T
he load capacity of worm gears strongly depends 
on the size of the contact pattern. Worm wheels 
are often manufactured by using an oversized 
hob, which results in a relatively small initial 

contact pattern. Wear on the worm wheel with a softer 
material during the running-in process increases the 
contact pattern and thereby the load capacity. For the 
investigation of the continuous change of friction in 
the tooth contact during that process, a tribological 
simulation program is used. With a simplified model 
of the EHL-tooth contact, boundary as well as fluid 
friction are calculated locally, and the tooth efficiency 
is evaluated. The included wear model associates abra-
sive wear with solid friction energy occurring in the 
tooth contact and allows a time-dependent simulation 
by considering the wear-modified tooth flank in the 
tribological calculation.

The simulative results are compared with experi-
mental wear studies on the running-in of worm gears. 
Since various values are determined in the simulation 
model, the comparison covers different aspects to ver-
ify the model. However, for measurement reasons, a 
comparison takes place on the macro scale. The tooth 
friction is reflected by the measured efficiency of 
the gearbox on the test bench. Wear is on one hand 
a directly measured value, and on the other hand, it 
changes the geometry of the tooth flank and influ-
ences and thereby the unloaded kinematics of the 
gears. Both aspects are considered for a verification 
of the wear calculation.

1 INTRODUCTION
Worm gears are transmission elements used in vari-
ous applications for power transmission or precision 
gears. They offer a high load capacity, smooth opera-
tion, as well as high-gear ratios in a single stage. Due to 
substantial sliding in tooth contact, friction losses are 
an issue in worm gears. In case of the commonly used 
combination of a bronze wheel with a steel worm, fric-
tion is accompanied by wear on the worm wheel when 
an insufficient lubricant film leads to solid body con-
tact. As a result, the tribological system of the tooth 
contact in worm gears is subjected to changes, in par-
ticularly within the first phase of the gear’s lifetime 
(running-in).

This phase is generally characterized with severe 
wear on the worm wheel, leading to an adjustment 

of the micro and macro geometry of the tooth flank. 
In terms of micro geometry, plastic deformation of 
surface asperities yields a reduction of the surface 
roughness and an increase of the load capacity of the 
surface. On the macroscale, a determining factor for 
the load capacity is the contact pattern of the gears, 
which comprises all contact lines of worm and worm 
wheel of the entire gear-meshing cycle. The load capac-
ity is influenced by the size and the position of the con-
tact pattern on the worm wheel tooth flank. Both are 
determined by several aspects of the manufacturing 
processes of worm and worm wheel, the gear’s assem-
bly, and the load conditions. Worm gears are often 
manufactured with an oversized hob that has a larger 
reference diameter than the worm [1], which leads to a 
relatively small initial contact pattern. The position of 
the contact pattern is also affected in the manufactur-
ing process by parameters as swivel angle of the hob 
axis [1]. Moreover, the contact pattern is a result of the 
alignment of the gears in the assembly. Thus, a colored 
ink is often used for illustration of the idle contact 
pattern to check the alignment. Optimization of the 
alignment and thereby the idle contact pattern can be 
achieved by adjusting the wheel position along its axis. 
The load contact pattern is again different from the 
idle contact pattern as deformations of teeth, worm 
shaft, bearings, and other gearbox components lead 
to a variation of the tooth contact.

In the event of a wear-related change of the macro 
geometry of the wheel tooth flank during running-
in, the contact pattern develops from its initial state, 
given by the manufactured geometry, alignment, and 
the load conditions of the worm gear. For worm gears, 
this initial wear process with an increase of the con-
tact pattern size is tolerated to achieve a maximum 
load capacity and to prevent fatigue wear (pitting). The 
intensity of this process and the results for the tribo-
logical system as surface roughness depend on various 
aspects as operating conditions, lubricant, initial sur-
face roughness, and the gear geometry. The tribologi-
cal system after the running-in, in turn, influences 
friction and wear for the following steady wear phase.

Many studies on running-in were conducted by 
means of tribometers. BLAU [2] analyzed in his work 
various experimental results from tribometers in 
terms of the progression of the coefficient of friction 
during running- in. He derived from these results a 
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reduced number of characteristic curves by which the change of the 
coefficient of friction is represented in many cases.

The effect of different running-in load conditions on the coef-
ficient of friction and the efficiency of spur gears was experimen-
tally investigated in [3]. SOSA measured surface profiles of the tooth 
flanks during the tests and analyzed them in terms of wear at the 
asperities of the surface. Based on a calculation of the contact pres-
sure and subsurface stress, wear caused by plastic deformations of 
the asperities was simulated and compared to measured surface 
profiles.

WEISEL [4] experimentally analyzed wear on worm gears with 
an incomplete contact pattern during running- in. An empirical 
approach for the wear calculation in this phase was derived from 
the correlation between wear, load, and the ratio of the size of the 
contact pattern to the maximum size.

Simulative approaches for wear prediction are an effective instru-
ment during the design process of gears, as they offer a significant 
reduction of wear tests during the gear-design process. However, due 
to the complexity of wear with many influencing variables, wear 
models such as the widely used ARCHARD model [5] require a param-
eter that has to be determined from experiments. In this context, 
JBILY et al. [6] developed a numerical wear calculation of worm gears 
based on the wear model of ARCHARD [5] with a locally defined wear 
coefficient that depends on a dimensionless gap height. SHARIF et 
al. [7] implemented a modification of the model of ARCHARD [5] for 
local wear simulation in worm gears. A dependence on the sliding 
speed as well as on the local lubricant film thickness and surface 
roughness was added to the original model.

As friction and wear interact with each other, a combined analysis 
of these tribological quantities is necessary. Therefore, a physical-
based simulation model for friction in worm gears is coupled with 
the energetic wear model of FLEISCHER [8]. This model correlates 
boundary friction energy with volumetric wear from abrasion and 
includes wear-determining factors such as contact pressure, coef-
ficient of friction, and sliding distance. The wear simulation is 
designed as an iterative procedure, which is initiated with a wear 
calculation for the initial manufactured geometry of the gears. To 
consider the effect on wear on the tribological calculations, the wear-
modified geometry of the worm wheel tooth is used in all subsequent 
calculation steps. As digital twins experience a growing importance 
in engineering fields, the presented model can be potentially applied 
during the design process of worm gears. Potential issues that can be 
addressed with the model are the analysis of the running-in for dif-
ferent conditions to obtain an efficient running-in process. Moreover, 
it can be used to calculate the wear rate after the running-in, which 
is particularly relevant for the lifetime of the worm gearbox.

2 TRIBOLOGICAL SIMULATION OF WORM GEARS
The complexity of the tribological conditions in the tooth contact in 
worm gears is a result of a complex geometry and kinematic of the 
gears. Thus, the tribological conditions as load, sliding, or entraining 
velocity vary significantly across the meshing area. Under realistic 
operating conditions, the state of friction in the lubricated tooth con-
tact of worm gears can be considered as mixed friction. Depending 
on the tribological conditions, the local contact situation varies 
between an entire separation of the tooth flanks by a lubricant film 
(fluid friction) on the one side, and contact of both metallic surfaces 
occurs at single asperities (boundary friction) on the other side. For 
that reason, a valid calculation of total tooth friction or wear requires 
a local analysis of these conditions.

Within studies on the tribological conditions of worm gears, a 
simulation tool was developed to determine reliably the coefficient 

of friction in the tooth contact of worm gears [9]. The tool is based on 
the work of PREDKI [10] and BOUCHÉ [11]. The simulation procedure 
includes an analysis of the contact lines, local velocities and radii 
of curvature for approximating the tooth contact by a simplified 
model with pairs of rollers. Based on the simplified model, a locally 
resolved calculation of the lubricating gap height is conducted by 
using approximate equations for the elasto-hydrodynamic contact. 
The simulation tool is supplemented by an external software for 
worm gear design SNETRA for the calculation of the flank pressure 
[12] .

In a first step, the geometry of the gears is analyzed. The worm 
tooth flank is described analytically according to [13]. The discrete 
geometry of the worm wheel is determined in the external software 
SNETRA [12] by simulating the manufacturing process. By using 
either an ideal or an oversized hob, the size of the initial contact 
pattern of worm and wheel is influenced.

Due to line contact between worm and worm wheel, the meshing 
area of the tooth contact is discretized in lines of contact points of 
multiple mesh positions. The contact points divide each line in seg-
ments. The contact points are determined with an unloaded tooth 
contact analysis (TCA). For this purpose, worm and worm wheel are 
paired together in a common coordinate system. Load sharing is 
considered by including multiple worm wheel teeth in the TCA. The 
algorithm behind the TCA is equality of the position vectors of worm 
and worm wheel, Equation 1.

Here, r2,i represents the point with subscript i of the discretized 
wheel tooth flank as a function of the wheel rotation angle Dj2 . 
According to [13] the geometry of the worm tooth flank r1 the worm 
tooth flank geometry is given as a function of the radius parameter 
u, the angle parameter v and the related mesh position angle j1 . 
Solving Equation 1 gives the contact point on the worm flank and 
the required angle of rotation Dj2 for each relevant point of the worm 
wheel in a discrete mesh position. Contact lines of a single mesh posi-
tion consist of contact points with minimal angle of rotation. Figure 
1 shows exemplarily contact lines of a worm gear with incomplete 
contact pattern in the initial state.

With mixed friction, load is distributed on the surface asperities 
of the tooth flanks and the lubricant. Boundary friction depends on 
the proportion of the load directly applied to the metallic surfaces 
of the tooth flanks. This proportion is quantified by a solid contact 
ratio y. It becomes 0 in case of pure fluid friction and 1 in case of pure 
boundary friction. Further, it is dependent on the surface topography 
and, due to mechanical deformation in contact, also on the material 
properties. Therefore, real measured three- dimensional surfaces of 
the tooth flanks of worm and worm wheel together with the respec-
tive material properties are used to obtain results related to real 

Equation 1

Figure 1: Contact lines on the worm wheel obtained with the tooth contact analysis 
for a worm gear with initially small contact pattern (center distance a = 32 mm, 
number of threads in worm z1 = 1, number of wheel teeth z2 = 39, axial module mx 
= 1.25 mm).
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gears. With an outsourced contact simulation based on the half-space 
theory [9], a relationship between the lubricating gap height and the 
solid body contact ratio was derived. The relationship of a dimension-
less gap height l and solid body contact ratio can be approximated 
by an analytical equation, Equation 2 [14], and thereby efficiently 
integrated into the tribological simulation. The parameters a and b 
are determined by fitting the equation to the calculated data of the 
contact simulation. The dimensionless gap height l is calculated with 
the local minimum gap height hmin and the 3D root-mean-square 
roughness of worm Sq1 and worm wheel Sq2 , Equation 3.

The solid body contact ratio is determined for each contact point 
of the meshing area with Equation 2. It is used as a weighting factor 
to divide friction in boundary friction and fluid friction, from which 
a mean coefficient of friction of the mixed friction regime is calcu-
lated. In this context, the tribological simulation is supplemented by 
experimental data for the boundary friction (twin-disc tribometer 
tests). In these tribometer tests, contact pressures, slide-to-roll-ratio 
and the lubricant temperature were varied to obtain maps of the 
coefficient of boundary friction for different operating conditions. 
A low entraining speed was set to achieve conditions in the bound-
ary friction region. For the calculation of the fluid friction, data for 
the lubricant was obtained in a high-pressure viscometer. Based on 
the lubricant data and with the assumption of a pseudoplastic fluid 
behavior, the internal friction of the lubricant is calculated with the 
model according to BAIR and WINER.

2.1 POWER LOSSES OF WORM GEARS
The power losses PV in worm gears are composed of losses in gears, 
bearings, seals and churning losses, see Equation 4. These can be 
categorized in load-dependent and load-independent losses [15]. The 
load- dependent losses include the friction losses in tooth PVZ,P and 
bearing contact PVL,P. Invariant with the load are churning losses at 
the gears PVZ,0 and bearings PVL,0 as wells as the losses that emerge in 
seals PVD and other components of the worm gearbox PVX.

With the tribological simulation described in section 2, the local 
friction force can be calculated for each contact point between worm 
and worm wheel. Including the distances of the contact points to 
the respective axis of rotation, the friction torque for each meshing 
position can be determined by integrating the friction forces over 
all contact lines. By balancing the friction torque and the input and 
output torque, the power loss due to friction in the tooth contact is 
calculated. The method of calculating losses using local quantities 
is described in [11] and was also used in [13].

For all other loss sources in the gearbox, state-of-the-art methods 
are used for the simulation. With the help of dimensionless param-
eters of fluid mechanics such as the Reynolds number, the hydrau-
lic losses of the gears are calculated according to the method from 
CHANGENET et al. [16]. For the bearing losses, the empirically based 
method of the bearing manufacturer SKF [17] is used. Here, the indi-
vidual loss components of rolling and sliding friction between rolling 
elements and raceways, the friction of the seals and the hydraulic 
losses due to oil drag and churning are included. The power loss of 
the contacting shaft seals at the gearbox input and output are deter-
mined using the method presented by ENGELKE in [18].

Whereas the load-dependent losses vary periodically due to the 
changing contact situation for each meshing position, the load-
independent losses are constant according to the chosen calculation 
methods. The procedure for determining the transmission power loss 
of worm gears is described in detail by OEHLER et al. in [19].

2.2 WEAR CALCULATION
In tribological contacts, frictional energy is generated by the relative 
movement of the two contacting surfaces (sliding). Boundary friction 
in particular is a result of elastic and plastic deformations of surface 
asperities. Under these conditions, abrasive wear manifests where 
various wear mechanisms as cutting by harder surface asperities or 
fatigue due to repeated plastic deformations could be involved [20].

Independent of the wear mechanism, frictional energy is consid-
ered to be the physical basis for material damage. Thus, by using an 
energetic approach for wear calculation in combination with the 
physical-based simulation model for friction described in Section 2, 
valid results for a wide range of gear geometries as well as tribologi-
cal conditions were expected.

The energetic approach of FLEISCHER [8] associates abrasive wear 
in tribological contacts with frictional energy from solid body con-
tact. This energy is, for the most part, dissipated as heat energy. As an 
effect of the mechanical deformations, a part of the frictional energy 
is stored irreversibly in a local volume of material as lattice defects. 
If the locally stored energy reaches a critical level of energy, fracture 
of material and wear debris are the result. The critical energy level 
is represented by the wear energy density eR*, which is the main 
parameter of the energetic wear model. According to [8] the wear 
energy density is given by the ratio of frictional energy WR and the 
volumetric wear removal Vv, Equation (5).

Due to the good feasibility of the measurement of frictional 
energy and volumetric wear removal, the wear energy density is 
often determined with experimental data in related literature 
[21],[22],[23]. However, no available data for volumetric wear and 
frictional energy related to the running-in phase were available, 
which is why the wear energy density was differently determined 
(see Section 5).

In the simulation, wear is calculated locally based on Equation 5. 
Results of local tooth friction are given by the tribological simulation 
for each contact point of the discretized tooth contact. Rearranging 
Equation 5 and calculating frictional energy with friction force FR 
and sliding distance sR yields in:

In the tribological simulation, load is represented by a local line 
load wb, which is applied on each segment of the contact line with an 
individual length bH. As the tooth contact is modeled as a HERTZ’ian 
contact between two cylinders, this leads to a HERTZ’ian contact area 
with the length of the segment bH and twice the half width aH (see 
Figure 2). Since abrasive wear is caused mainly by solid body friction, 
only the proportion of the load from solid body contact is considered. 
This proportion is given locally by the solid body contact ratio y. The 
wear relevant friction force FR is calculated with Equation 7, where 
µGr is the local boundary friction coefficient.

During gear meshing, each contact point carries load for a certain 
time tc, while the two contacting surfaces of the tooth flanks slide 

Equation 2

Equation 4

Equation 7

Equation 6

Equation 5

Equation 3
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relative to each other with the sliding velocity vg. The contact time 
tc depends on the half width aH and the velocity v2bn of the contact 
point when passing over the contact area. The velocity v2bn is the 
component of the sliding velocity in normal direction to the contact 
line [10], [11]. The sliding distance sR of each contact point during 
contact is calculated according to Equation 8.

With the simplification of the local wear volume as a cuboid vol-
ume with the HERTZ’ian contact area A = 2aH ⋅ bH, the height repre-
sents the local wear height dv and calculated using Equation 9. As 
mainly the worm wheel is subjected to wear, only the macro geom-
etry of the worm wheel tooth is modified by the calculated wear. 
Here, each point is modified individually by a tangential displace-
ment with the respective calculated wear height.

This modification does not affect the micro geometry of the worm 
wheel surface. To consider the effects on the microstructure in the 
tribological calculations, surfaces of the wheel flank were also mea-
sured after half the time of the running-in test in the experiment 
and evaluated with the contact simulation in terms of solid body 
contact ratio (see Section 2).

3 SIMULATIVE RESULTS FOR FRICTION  
AND WEAR DURING RUNNING-IN
A tribological simulation was conducted for a worm gear box with 
the same geometry and material of the gears as in the experimen-
tal investigations. The initial contact pattern was comparable in 
both cases, by which a comparable change of the contact pattern 
and also of the tribological conditions was expected within the 
simulation. A comparison of the contact patterns is conducted in 
Section 4. The wear energy density was specified as constant with  
eR* = 1.1 ⋅ 1013 J/m3, as it gives a good approximation to the experi-
mental results in section 4.

The expansion of the contact pattern is indicated Figure 3a-3d, 
which show the area of the worm wheel tooth flank affected by wear 
for four stages of the simulation. The color map of the wear distri-
bution after the first calculation step (see 
Figure 3a) in particular reflects the local dif-
ferences of wear on the wheel flank caused 
by locally different tribological conditions 
and flank pressure in the tooth contact. 
Points with the highest accumulated wear 
heights are at the initial position of the con-
tact pattern since they are exposed to wear 
from the very first step. With the number 
of calculation steps, the accumulated wear 
on the wheel increases and the contact pat-
tern expands. After 1,200 calculation steps 
(Figure 3d), wear is evident almost on the 
entire wheel flank, and the contact pattern 
is almost completely developed.

The effect of an increasing contact pat-
tern is a reduction of the mean flank pres-
sure as the load is carried by a larger contact 
area. The local HERTZ’ian pressure distribu-
tions pH on the wheel flank for the same cal-
culation steps as in Figure 3 are illustrated 
in Figure 4. There, the maximum values of 

the pressure distribution decrease with an increasing number of 
load cycles. Due to the discrete calculation of wear and discrete wear 
modification of the wheel flank, pressure peaks occur that lead to an 
increasing pressure maximum from Figure 4c to Figure 4d. However, 
for the most part of the local contact points, the contact pressure 
decreases significantly (Figure 4d).

With more points included in the tooth contact, the distribution 
of the tribological conditions within the tooth contact changes as 
well. As an example, the distribution of the lubricant film height hFilm 
for two stages is illustrated in Figure 5. Due to a relatively low input 
speed n1 = 150 min-1 in the simulation, the film heights are relatively 

Equation 8

Equation 9

Figure 2: Contact line segment with the dimensions of the HERTZ’ian contact area 
aH and bH, the sliding velocity vg and the velocity v2bn normal to the contact line.

Figure 3: Accumulated wear height dv on the worm wheel for the indicated calculation stages of the wear 
simulation for a worm gear during running-in phase (a = 32 mm, i = 39, n1 = 150 min-1, T2 = 32 Nm). In each 
illustration, the entry side is on the left.

Since the significant changes of the 
tribological conditions during running-
in also affect the wear-energy density, 
a thorough analysis and description 
of the influences on the wear energy 
density is required.
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small in general. In both stages, minimum film heights occur in 
the center of the tooth in width direction, which is because of a low 
entraining speed and poor hydrodynamic effects at this location 
[13]. For the larger contact pattern, however, after 400 calculation 
steps, significant more points with larger film heights are included 
in the tooth contact.

Furthermore, calculating wear locally with the energetic 
approach leads to higher wear for contact points with a higher 
level of frictional energy during the meshing. In the simulation, 
this imbalance is corrected by wear, by which the flank pressure 
moves gradually from points with a higher level to points with 

a lower energy level. In case of a balanced 
energy level, wear is equal for all contact 
points within a single mesh position of the 
gears. In total, these effects influence the 
overall tooth friction losses of the gears and 
the wear progression significantly.

Results of the maximum wear height 
across all points of the wheel tooth flank, 
the mean flank pressure, and total frictional 
energy (per wheel tooth and load cycle) pro-
gression with respect to load cycles are shown 
in Figure 6. To indicate the expansion of the 
contact pattern, the percentage proportion 
of the respective contact area relative to the 
maximum contact area is specified. The pro-
gressions correspond to a typical running-in 
behavior of worm gears. The first phase is 
assigned to severe wear with a maximum 
wear rate, which continuously decreases 
before reaching a steady wear phase with a 
linear wear progression.

At the same time, the mean pressure as 
well as the total frictional energy decreases 
and approaches asymptotically to a constant 
level. The gray bars indicate for discrete cal-
culation steps the proportion of the calcu-
lated contact points, which have a higher 
contact pressure pH than the pitting resis-
tance for contact stress of 520 MPa, that is 
given for the used material in [25]. With the 
pressure distributions from Figure 4 and the 
proportion of contact points with critical 

contact pressure, the risk for fatigue wear and pitting could be esti-
mated, which significantly decreases along the running-in process 
here. Fatigue wear is not only dependent on the contact stress but 
also on the number of load cycles. For that reason, operation time 
with critical contact stress and high risk for fatigue wear during 
running-in should be minimized. This could be achieved on the one 
hand with incrementing the load to the desired load level during 
running-in and/or with wear-promoting running-in conditions. In 
the given worm gear setting with an input speed n1 = 150 min-1, the 
hydrodynamic lubricant film formation is relatively weak. This leads 
to a higher solid body contact ratio and more intense abrasive wear 
than a running-in with a higher input speed. Simulations and gear 
tests with an input speed of n1 = 1,500 min-1 indicated a significant 
higher duration of the running-in. Wear-promoting conditions can 
also be achieved by using oil with a lower viscosity, which also influ-
ences the lubricant film formation.

4 EXPERIMENTAL SETUP
For the experiment of the running-in, worm gears with a center dis-
tance a = 32 mm and a gear ratio i = 39 were used. The profile flank 
form of the worm is a milled helicoid type K [24]. For the worms, steel 
16MnCr5 (1.7131/AISI 5110) was used, and the gearing was finished 
with a grinding process. The worm wheels were milled from continu-
ously casted bronze CuSn12Ni-GC (UNS C91700) with an oversized 
hob. For an input speed n1 = 1,500 min-1, the nominal output torque 
of the worm gear is 16 Nm. The maximum output torque is speci-
fied with 50 Nm. A polyglycol based oil (ISO VG 220) with practical 
relevance for worm gears was used for oil sump lubrication. The 
geometrical parameters as well as the test conditions of the valida-
tion test are presented in Table 1. The mean contact stress in Table 

Figure 4: HERTZ’ian pressure distribution pH on the worm wheel for the indicated calculation stages of the wear 
simulation for a worm gear during running-in phase (a = 32 mm, i = 39, n1 = 150 min-1, T2 = 32 Nm). In each 
figure, the entry side is on the left.

Figure 5: Film height distribution hfilm on the wheel tooth flank in the first calculation step (left) and after 400 
calculation steps (right). In each figure, the entry side is on the left.

Figure 6: Calculated wear height, mean HERTZ’ian pressure and total frictional 
energy per wheel tooth and load cycle progression during running-in of a worm 
gear (a = 32 mm, i = 39, T2 = 32 Nm, n1 = 150 min-1) after 600 calculation 
steps. The percentage proportion of the respective contact area related to the 
theoretical maximum contact area is indicated on the wear progression. Gray bars 
represent the proportion of contact points above the pitting resistance for contact 
stress for the used wheel material (520 MPa [25]).
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1 is calculated with ISO 14521 [25] and does 
not represent the initial contact stress of the 
gear test with incomplete contact pattern.

The worm gear test rig with the concept 
of electrical wiring is shown schematically 
in Figure 7 together with the test worm 
gearbox with attached encoder on the 
worm wheel shaft. The tested worm gear-
box (5) is driven at the worm shaft by a 
servo motor (1). The load on the tested worm 
gearbox is applied on the output shaft with 
a second servo motor (11) and a planetary 
gearbox (10), which is used for reduction of 
the torque. Various couplings are used for 
torque transmission (2), (4), (8). Torque and 
speed are measured at the input (3) and out-
put (9) of the worm gearbox to determine 
the overall efficiency by evaluating the 
power losses in the gearbox and relating it 
to the input power. Two incremental encod-
ers (6) attached to input and output shaft 
measure the rotation angles of the worm 
and worm wheel.

The contact pattern was adjusted by 
painting multiple wheel tooth flanks and 
meshing of the worm gear under low load 
conditions. In this way, the paint layer is 
removed in regions of contact and illus-
trates the actual contact pattern. The ini-
tial contact pattern after the assembly 
and alignment is shown on the right side 
in Figure 8. The idle contact pattern of the 
simulation, indicated with the distances 
between the tooth flanks from the tooth 
contact analysis, is shown in Figure 8 on 
the left side. The comparison of both shows 
a good correlation of the calculated and the 
measured contact pattern.

During the loaded test, the worm gear 
unit is driven under constant conditions 
for input speed n1 and output torque T2. At 
regular time intervals, wear is monitored 
by measuring the circumferential backlash 
under low load conditions and calculating 
the change to the initially measured backlash. Here, an efficient 
method was used to determine the backlash for numerous mesh-
ing positions of the gears over one revolution of the worm wheel 
allowing variations of wear across all teeth of the worm wheel to be 
monitored. Figure 9 shows measured data of the backlash increase 
relative to the initial backlash of the unworn worm gear from two 
different points in time of the validation test (see Section 5). The 
measurements over a full revolution of the worm wheel show a 
variation of the backlash increase with a periodic behavior, which 
is dominated by the mesh frequency. The variations within a single 
meshing period indicate varying abrasive wear along the contact 
path. The method is based on the single-flank-test for measuring 
the kinematic error of gears [26]. From the results of the change 
in backlash for all tested meshing positions, single wear heights 
for each tooth are calculated and averaged. The entire wear mea-
surement and evaluation procedure is described in detail in [27]. 
Therefore, a mean wear height progression with respect to time is 
obtained, which allows the analysis of the running-in characteris-

tics of the gears under the given operating conditions.

5 COMPARISON OF SIMULATIVE  
AND EXPERIMENTAL RESULTS
The input for the wear simulation was configured according to the 
testing configuration in the experimental investigations on running-
in to obtain a good comparability of experimental and simulative 
results. The only unspecified parameter is the wear-energy density, 
which is required to adjust the energetic wear model. Thus, the avail-
able experimental data of the wear progression was used to fit the 
simulative data with a suitable wear energy density.

Simulations of the running phase were conducted for differ-
ent wear energy densities, and the resulting wear progression was 
compared to the measured data of the experiments. Therefore, the 
wear height was determined with the same method as in the experi-
ments by calculating the backlash increase within the tooth contact 
analysis (see Section 2).

In this context, results for the unloaded kinematic error of the 

Parameter Symbol Unit Value

Center distance a mm 32

Number of threads z1 – 1

Number of worm wheel teeth z2 – 39

Reference diameter worm dm1 mm 15

Reference diameter worm wheel dm2 mm 49.2

Axial module mx mm 1.25

Torque T² Nm 32

Mean contact stress [25] σHm MPa 476

Speed n1 min-1 150

Table 1: Data of the test gear and test conditions.

Figure 7: Worm gear test rig: schematic design and worm gearbox.

Figure 8: Comparisons of initial contact patterns from the simulation (left side; idle contact pattern with 
distances between flanks d) and from the gear test after the assembly (right side). In each figure, the entry side 
is on the left.
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tooth contact analysis and wear measurement in the experiment are 
shown in Figure 10. Both represent, respectively, the kinematic error 
for the final geometry of the gears of the simulation and experiment. 
Due to an identical geometry of all worm wheel teeth in the simu-
lation, the kinematic error is calculated only for a single meshing 
period in the tooth contact analysis. Contrary to that, the measure-
ment was conducted for all meshing periods within one revolution of 
the worm wheel. A section of the measured course is depicted in the 
diagram on the right side of Figure 10. Since the measurement is not 

only influenced by the gear geometry, but also by other components 
such as bearings and shafts, the measured course includes various 
components with frequencies that are different to the meshing fre-
quency. Moreover, signal variations from the encoders are included 
in the measured signal. Therefore, the data was filtered by cutting-
off frequencies greater than four times the meshing frequency, by 
which a smoothed curve is obtained. The kinematic error from the 
calculation and from the filtered measurement data show compa-
rable characteristics in terms of shape as well as of the peak-to- valley 
amplitude. As the kinematic error is influenced by the tooth geom-
etry, this implies a comparable tooth geometry of the simulation and 
the experiment after running-in.

A comparison of the results of the wear progression is shown in 
Figure 11. The diagram includes two simulated wear progressions 
and the measured data points of the experiment. In the first section, 

the wear model with the lower wear energy 
density eR* = 1.1 ⋅  1013 J/m3 approximates the 
measured wear progression well. At a load 
cycle number of approximately 3,000, the 
deviation to the experimental data increases 
significantly because of a different wear rate. 
According to the energetic wear model, see 
Equation 5, this deviation is either a result 
of a different frictional energy in simulation 
and experiment or caused by a change of 
the wear energy density during running-in. 
Assuming the second case, the wear-energy 
density must increase to obtain a lower wear 
rate and a better approximation of the exper-
imental data. A reason  for this could be the 
decreasing mean flank pressure (see Figure 
6), as in studies of BOLEY [21], a correlation 
of the mean pressure and wear-energy den-
sity was determined in block-on-ring tribom-
eter tests for a comparable combination of 
material. Therein, the wear-energy density 

increases with a decreasing mean pressure, which is in good accor-
dance with the observations made in here.

Consequently, a wear simulation was carried out with a progres-
sive characteristic of the wear energy density by fitting sectionally 
the model parameter to the experimental wear progression. The 
settings for the wear energy density in five load cycle intervals are 
given in Table 2. The resulting wear progression is represented in 
Figure 13 by black markers and approximates the entire experimen-
tal wear progression well. The maximum value of the parameter is  
eR* = 1.7 ⋅ 1014 J/m3, which is more than 10 times larger than the 
initial value eR* = 1.1 ⋅ 1013 J/m3. The most significant changes occur 
within a relatively short period of time in the first three intervals. 
Table 2 indicates only small changes of the mean flank pressure at 
the same time in the simulation. This leads to the conclusion that 
the change in wear energy density is, if at all, only partly due to a 
decreasing mean flank pressure.

Furthermore, the final contact patterns after from the simulation 
and from the experiment were compared with each other (Figure 12). 
Both refer to the last calculated and measured wear height (Figure 
11), respectively, after approximately 20,000 load cycles or 86.6 hours 
of load operation. Regarding the location and the contour of the wear 
pattern, a good correlation of the calculated and the experimental 
results pattern can be determined. From Figure 11, it can be seen 
that the worm gear reached the steady-wear phase in the gear test. 
This implies a completed running-in of the worm gear for the speci-
fied load, after which this specified load can be applied to the worm 

Figure 9: Results of the measurement of the backlash increase for two different 
time steps of the gear test.

Figure 11: Comparison between simulative results with different model parameters 
eR* and wear measurement for a worm gear during running-in (a = 32 mm, i = 
39, n1 = 150 min-1, T2 = 32 Nm). The black markers represent a computed wear 
progression with a gradually increasing model parameter.

Figure 10: Calculated kinematic error from the tooth contact analysis for a single meshing period (left side) and 
a section of the measured kinematic error from the experiment representing two meshing periods (right side).
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gearbox. This is assuming the operating conditions also meet other 
requirements for the load capacity, as steady-wear is not necessarily 
associated with a completed contact pattern. A significant increase 
in load leads to another phase of load adaption of the gears with an 
additional running-in.

In addition to wear and friction in tooth contact, power losses 
of bearings, seals, and the churning losses were calculated in the 
simulation as described in Section 2.1. The settings for the bearings, 
seals, and lubrication were the same as in the experiment to obtain 
comparable conditions. For all load-independent losses, these condi-
tions remain unchanged with wear of the gears as they are only 
dependent on the speed and the lubricant properties. Degradation 
of the lubricant with wear particles was not considered here. Since 
the distribution of the normal and friction 
force in the tooth contact changes with 
wear, the load-dependent losses in the bear-
ing are affected by that. However, according 
to the calculated results, these changes are 
negligible compared to those in the tooth 
contact. In Figure 6, the effect of wear on 
the frictional energy was already indicated. 
Corresponding results of the overall gear-
box efficiency to the wear simulation with 
a progressive model parameter and the 
experiment from Figure 11 are shown in Figure 13. The reason for the 
unsteady progression of the experiment is the discontinuous opera-
tion of the gearbox due to the regular wear measurement. As a result, 
at the beginning of every load test, the whole system requires time to 
reach a steady-state operation, for example, regarding temperature. 
Though the measured data indicate the gearbox efficiency increases 
within the running-in of the gears, a decomposition of the overall 
losses into its individual components is not possible. Nevertheless, it 
can be assumed with good approximation this increase is due to a 
reduction in tooth friction.

The same characteristic can be observed for the simulation. 
Regarding the efficiency at the beginning and at the end of the 
running-in, both methods give comparable results. Contrary to the 
simulative progression, the efficiency in the experiment remains on 
an almost constant level for approximately 3,000 load cycles. After 
that, the efficiency rapidly increases — comparable to the simulative 
progression — before reaching an almost constant efficiency level.

This delayed increase of the efficiency cannot be represented by 
the tribological simulation as the tooth contact and tooth friction 
change continuously with an increasing contact pattern from the 
very beginning. A clear reason for the deviations at the beginning 
and the delayed increase cannot be given, because many components 
of the gearbox have an influence here. Moreover, the evolution of the 
microstructure as wells as the contact pattern was not continuously 
measured and could vary from the conditions in the simulation. Even 
though there is a growing deviation in the efficiency progression 
within the first interval of Table 2, the wear progressions of simula-
tion (eR* = 1.1 J/m3) and experiment are in good accordance. This leads 
to the assumption that the difference in boundary friction energy is 
relatively small. Otherwise, a constant wear-energy density would 
have led to higher deviations already within the first interval.

Analyzing the experimental efficiency progression in Figure 13 
together with the intervals for the progressive model parameter 
indicates a correlation of the changes in efficiency and wear-energy 
density. Within the time period with the most significant changes 
of the efficiency, the wear-energy density substantially changes as 
well. For illustrative purposes, two lines representing the limits of 
this time period according to Table 2 are added in Figure 13. This 

implies major changes of the tribological conditions in the tooth 
contact that lead to a reduction of tooth friction and to an increase 
of the wear-energy density.

6 CONCLUSION AND OUTLOOK
In this article, a simulation tool for studies on the behavior of the 
two interacting tribological measures friction and wear during 
running-in of worm gears was presented. Wear is calculated based 
on frictional energy from solid body contact by using the energetic 
wear model of FLEISCHER. The iterative simulation procedure allows 
a transient analysis of local friction and wear by considering the 
change of the tooth flank geometry in the following calculation step.

Results for a worm gear with a relatively small initial contact 
pattern were used to describe the characteristic effects on the tooth 
contact within the simulation of the running-in phase. A main effect 
is the expansion of the contact pattern, which, on the one hand, leads 
to a reduction of the mean pressure load. On the other hand, addi-
tional contact points are included in the tooth contact, which change 
the distribution of parameters as the lubricant film height and influ-
ences, thereby tooth friction. Together with the effect of load being 
transferred to contact points with a lower frictional energy load due 

Load cycle interval Wear energy density Mean Flank Pressure
 eR*/ J/m3 pH,m / MPa

0 ≤ N < 3171 1.1 • 1013 676

3171 ≤ N < 3934 1.6 • 1013 465

3934 ≤ N < 5299 3.1 • 1013 456

5299 ≤ N < 7913 7.6 • 1013 444

7913 ≤ N 1.7 • 1014 434

Table 2: Settings for the simulation with a progressive characteristic of the wear-
energy density and the mean flank pressure at the beginning of the interval in the 
simulation. 

Figure 13: Results of the gearbox efficiency with respect to the number of load 
cycles for the simulation and the experiment. Vertical lines represent the time 
period with significant changes of the wear energy density (see Table 2).

Figure 12: Comparisons of final contact patterns from the simulation (left side) and from the gear test (right 
side). In each figure, the entry side is on the left.
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to the energetic wear model, a reduction of the total tooth friction 
energy was observed for the analyzed worm gear.

Based on experimental data for the wear progression during 
running-in with identical test conditions, the wear energy den-
sity was determined. The results indicate the wear-energy density 
changes, since a progressive wear energy density leads to the best 
approximation. Moreover, the final geometry from the simulation 
gives results for the kinematic error, which are comparable to those 
of the measured data. As wear was here only measured by integral 
values (circumferential backlash), a local measurement of wear for 
validation of the local wear calculation in the simulation will be an 
objective for future work.

Regarding the overall efficiency of the gearbox, the setting with 
a progressive model parameter resulted in a good accordance at the 
beginning and at the end of the running-in test. Although the simula-
tion and experiment indicate a significant and comparable increase 
in efficiency, the behavior of the physical test with a delayed increase 
cannot be reproduced in the simulation model.

As a conclusion, more effects apart from a continuous change of 
the macro geometry need to be considered for a reliable calculation 
of wear and friction during the running-in phase. This includes, in 
particular, a description of the effects on the micro geometry of the 
tooth flank surfaces, as a change of the microstructure is currently 
considered with solid body contact ratio equations related to measured 
surfaces from discrete points in time. Since the significant changes 
of the tribological conditions during running-in also affect the wear-
energy density, a thorough analysis and description of the influences 
on the wear energy density is required. A precise description of the 
wear-energy density is particularly important if a wear simulation 
is to be carried out without additional experimental investigations.

ACKNOWLEDGMENT
This work was supported by the German Federal Ministry of 
Economics and Energy (IGF 19699 N) within the framework of the 
Forschungsvereinigung Antriebstechnik e. V. (FVA project 503 III). 
For the evaluation of the measured surface data the software Digital 
Surf - MountainsMap was used. 

BIBLIOGRAPHY
[ 1 ] Colbourne, J. R., 1989, “The use of oversize hobs to cut worm gears,” AGMA 

Technical Paper 89FTM8.

[ 2 ] Blau, P., 1981, “Interpretations of the friction and wear break-in behavior 
of metals in sliding contact,” Wear, Vol. 71(1), pp.29-43.

[ 3 ] Sosa, M., 2017, “Running-in of gears – surface and efficiency transforma-
tion,” Phd-thesis, KTH Stockholm, Sweden.

[ 4 ] Weisel, C., 2009, “Schneckengetriebe mit lokal begrenztem Tragbild,” Ph.D. 
thesis, Technische Universität München, Munich, Germany.

[ 5 ] Archard, J. F., 1953, “Contact and rubbing of flat surfaces,” J. Appl. Phys. 
24, pp. 981–988.

[ 6 ] Jbily, D., Guingand, M., and de Vaujany, J.-P., 2016, “A Wear Model for 
Worm Gear,” Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci., 230(7–8), 
pp. 1290–1302.

[ 7 ] Sharif, K. J., Evans, H. P., and Snidle, R. W., 2006, “Prediction of the Wear 
Pattern in Worm Gears,” Wear, 261(5–6), pp. 666–673.

[ 8 ] Fleischer, G. and Gröger H, 1980, Verschleiß und Zuverlässigkeit, VEB 

Verlag Technik, Berlin.

[ 9 ] Magyar, B., Sauer, B. and Horák, P., 2012, ”Tribological Investigation of K 
Type Worm Gear Drives,” Acta Polytech. Hungarica, Vol. 9 (6), pp. 233–252.

[ 10 ]  Predki, W., 1982, “Hertzsche Drücke, Schmierspalthöhen und 
Wirkungsgrade von Schneckengetrieben,” Ph.D. thesis, Ruhr-Universität 
Bochum, Bochum, Germany.

[ 11 ]  Bouché, B., 1991, “Reibungszahlen von Schneckengetrieben im 
Mischreibungsgebiet,” Ph.D. thesis, Ruhr-Universität Bochum, Bochum, 
Germany.

[ 12 ]  Lutz, M., 2000, ”Methoden zur rechnerischen Ermittlung und Optimierung 
von Tragbildern an Schneckengetrieben,” Ph.D. thesis, Technische 
Universität München, Munich, Germany.

[ 13 ]  Magyar, B., 2012, “Tribo-dynamische Untersuchungen von 
Zylinderschneckengetrieben,” Ph.D. thesis, Technische Universität 
Kaiserslautern, Kaiserslautern, Germany.

[ 14 ]  Zhou, R. S.; Hoeprich, M. R., 1991 “Torque of Tapered Roller Bearings,” 
ASME J. Tribol, Vol. 113 (3), pp. 590–597.

[ 15 ]  ISO/TR 14179-2, 2001, “Gears-Thermal Capacity. Part 2: Thermal Load-
Carrying Capacity,” International Organization for Standardization, Geneva, 
Switzerland, Technical Report.

[ 16 ]  Changenet, C., and Pasquier, M., 2002, “Power Losses and Heat Exchange 
in Reduction Gears: Numerical and Experimental Results,” 2nd International 
Conference on Gears, Munich, Germany, March 13-15, 2002, VDI Berichte 
1665, VDI-Verlag GmbH, pp. 603–614

[ 17 ]  SKF, 2018, “Rolling bearings,” PUB BU/P1 17000 EN, SKF Group, 
Göteborg, Sweden

[ 18 ]  Engelke, T., 2011, “Einfluss der Elastomer-Schmierstoff-Kombination auf 
das Betriebsverhalten von Radialwellendichtringen,” PhD Thesis, Leibniz 
Universität Hannover, Hannover, Germany

[ 19 ]  Oehler, M., Sauer, B., Magyar, B., 2019, “Efficiency of Worm Gear Drives 
Under Transient Operating Conditions,” ASME. J. Tribol., Vol. 141(12): 
122201. https://doi.org/10.1115/1.4044655

[ 20 ]  Stachowiak, G., and Batchelor, A., 2014, Engineering Tribology, Butterworth-
Heinemann, Boston, MA.

[ 21 ]  Boley, E., 1977, ”Untersuchung der Parameterabhängigkeit der scheinbaren 
Reibungsenergiedichte,” Schmierungstechnik, Vol. 8(3), pp.86–88.

[ 22 ]  Dauber, A., 2014, “Analyse, Modellierung und Simulation von Verschleiß auf 
mehreren Skalen zur Betriebsdauervorhersage von Wellendichtringen aus 
PTFE-Compound,” Ph.D. thesis, Universität Stuttgart, Stuttgart, Germany

[ 23 ]  Jennewein, B., 2016, ”Integrierter Berechnungsansatz zur Prognose des 
dynamischen Betriebsverhaltens von Radialwellendichtringen,” Ph.D. thesis, 
Technische Universität Kaiserslautern, Kaiserslautern, Germany.

[ 24 ]  ISO/TR 10828, 2015, “Worm gears – Worm profiles and gear mesh geom-
etry,” International Organization for Standardization, Geneva, Switzerland, 
Technical Report.

[ 25 ]  ISO/TR 14521, 2020, “Gears –Calculation of load capacity of worm 
gears,” International Organization for Standardization, Geneva, Switzerland, 
Technical Report.

[ 26 ]  VDI-VDE 2608, 2001, “Einflanken- und Zweiflanken-Wälzprüfung an 
Zylinderrädern, Kegelrädern, Schnecken und Schneckenrädern,” VDI-VDE-
Richtlinien, Beuth-Verlag, Berlin, Germany.

[ 27 ]  Daubach, K.; Oehler, M., Sauer, B., 2019, “A method to determine local 
wear of worm gears with highly resolved circumferential backlash curves,” 
International Conference on Gears, Munich, Germany VDI, pp.595-606.

ABOUT THE AUTHORS 

K. Daubach, M. Oehler, and B. Sauer are with the Technische Universität Kaiserslautern; Chair of Machine Elements, Gears and Tribology.

https://doi.org/10.1115/1.4044655


36     gearsolutions.com

COMBINED 
LUBRICATION
OF SURFACE TEXTURING 
AND COPPER COVERING

FOR A 
BROACHING 
TOOL



March 2022     37

Proper surface texture can reduce the friction of the 
tool-chip interface, and the cutting fluid is stored 
to form micro-pool lubrication, which leads to a 
reduction in cutting force and temperature.
By JING NI, KAI FENG, KAI ZHUANG, ZHIQIAN SANG, ZHEN MENG, and MD MIZANUR RAHMAN

T
he broaching tool is an efficient and precisely 
heavy-loaded metal-cutting tool, widely used in 
the mass production of key components related 
to the aerospace and automobile industries. 

However, the heavy load, intense squeezing, and fric-
tion in the tool-chip contact area prevent the cutting 
fluid from entering the desired location. Consequently, 
insufficient lubrication gives rise to a high-tempera-
ture built-up edge, thereby lowering machining accu-
racy and efficiency. To reduce frictional force, three 
textures (micro-pit, stripe, mesh) are prepared on the 
rake face of the broaching tool with a laser processing 
technique. Afterward, textured grooves are covered 
with copper using the reciprocating rotational fric-
tion; this artifact enhances the system’s wettability 
and heat dissipation ability. Experiments prove that, 
compared to the non-textured cutting teeth, the cut-
ting force with the stripe-textured teeth is reduced 
by 7.6%. Nevertheless, the cutting force is decreased 
by 14.6% after covering the tool surface with copper. 
Obtained results indicate the wettability of cutting 
fluid on the surface is improved. In addition, convex 
peaks on the tool surface are passivated during the 
reciprocating rotation of the copper bar.

1 INTRODUCTION
Arrazola et al. (2020) have reported that the broach-
ing tool has multiple rows of teeth for roughing, 
semi-finishing, and finishing, respectively, and is 
frequently used in mass production due to its high 
efficiency. However, Zhang et al. (2011) have proved 
that, because of the heavy load, strong friction and 
extrusion occur between the tool and the workpiece 
during the cutting process, reducing the tool’s service 
life, surface quality, and machining accuracy of the 
workpiece. Kümmel et al. (2015) and Rao et al. (2018) 
have pointed out that the introduction of cutting fluid 
and surface texture technology modifies the friction 
state on the tool-chip interface to augment cutting per-
formance. Furthermore, broaching is a closely teethed 
cutting process. The cutting fluid cannot be sprayed 
directly onto the surface of the contact area between 
the tool and the workpiece, resulting in insufficient 
lubrication at the defined area. Therefore, texture has 
received much attention due to its ability to reduce 
contact area and store cutting fluid.

In recent years, research has been carried out to 
fabricate different textures on diverse tool surfaces 
using various processing technologies. Koshy and 

Tovey (2011) used electrical discharge machining 
(EDM) to generate anisotropic texture on the rake 
face of the turning tool, intending to improve lubri-
cant penetration and retention. Results showed the 
existence of surfaces improved the friction state of 
the tool-chip interface. Niketh and Samuel (2017) cre-
ated dimpled textures on the flute and margin side 
of the drill tool using the laser micromachining tech-
nique. Experimental results proved that surfaces of 
the drill tool were able to reduce frictional force in 
the cutting area for Ti-6Al-4V machining. Zhou et al. 
(2019) used a laser to prepare a micro-groove texture 
on the rake face of the milling tool and conducted 
experiments under two different coolant conditions. 
The surface enhanced the physical lubrication film 
formed on the tool-chip interface and improved the 
lubrication effect. Ahmed et al. (2020) fabricated dif-
ferent textures on the rake face of the cutting tool by 
femtosecond laser, afterward performed comparison 
tests for turning to the machine of AISI304. 

Results revealed that maximum reductions in 
cutting force, feed force, and coefficient of friction 
were 58%, 100%, and 24%, respectively, for the square 
textured tool. Ge et al. (2019) fabricated textures in 
different groove widths on the rake face of the turn-
ing tool by femtosecond laser. They revealed that 
textures enhanced the penetration of cutting fluid, 
improved the lubrication of the tool-chip interface, 
and significantly reduced the cutting force compared 
to non-textured tools. Moreover, Feng et al. (2019) 
used in-situ hot-press sintering technology to prepare 
ceramic tools with different morphological param-
eters to explore the best size and cutting parameters 
of microstructure morphology. Mashinini et al. (2020) 
applied the wire spark erosion machining technology 
to fabricate textures on the rake face of the turning 
tool. Both results showed the textured tool effectively 
reduces the cutting force, temperature, and wear.

In summary, proper surface texture can reduce the 
friction of the tool-chip interface. The cutting fluid is 
stored to form micro-pool lubrication, which leads to 
a reduction in cutting force and temperature. The pro-
cessing methods mentioned above have their benefits 
and drawbacks in flexibility, accuracy, and process-
ing speed. In particular, laser processing technology 
is frequently used because of its wide acceptability and 
high efficiency.

Although textured tools perform well in reducing 
cutting force and temperature, the wearing between 
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the tool and the material still affects tool 
life. Hence, Zhang et al. (2018) stated that 
surface coating and solid lubrication are usu-
ally introduced with textured tools. Textures 
enhance the bonding strength between 
coatings and textured surfaces; textures 
in different scales significantly affect the 
substrate’s specific surface area and wetta-
bility. Obikawa et al. (2011) fabricated four 
types of micro-surface textures at the rake 
face of the cemented carbide turning tool 
by photolithography and covered surfaces 
of textured tools with diamond-like carbon 
(DLC). Results indicated that a textured tool 
with coating effectively improved the lubri-
cation conditions for machining aluminum 
alloy A6061-T6. Enomoto and Sugihara (2010) 
proposed a new type of micro/nano-com-
bined micro-groove tool on which DLC was 
deposited by arc ion plating. Subsequently, 
Enomoto and Sugihara (2011) found the DLC 
coating significantly improved the anti-
adhesion and lubrication properties of the 
textured surface in aluminum alloy milling 
experiments. Meng et al. (2021) reported a 
plasma-assisted laser machining approach to 
produce texture, and TiAlN was deposited on 
the textured tool by cathode arc evaporation 
technique. Results exhibited a pronounced reduction in cutting force 
compared to conventional covered tools in dry cutting of stainless 
steel. To improve the tribological property, the texture filled with 
solid lubrication has also been demonstrated by Moshkovith et al. 
(2007). Deng et al. (2013) used a femtosecond laser to prepare a nano-
scale surface on the rake face close to the leading cutting edge of the 
WC/TiC/Co carbide tools; textured tools were then deposited with 
WS2 solid lubricant coatings. The depositing of a lubricating film on 
the textured surface was shown to be effective in improving cutting 
performance in dry cutting. Voevodin et al. (2006) created 10-20μm 
dimples on the surface of TiCN coatings by the laser texturing tech-
nique; then, the MoS2 was filled in the dimples. The performance 
of the textured film in terms of wear and friction exceeded that of 
monolithic TiCN films. Deng et al. (2012) processed three different 
types of textures on the rake face of WC/Co cemented carbide tools, 
and the groove was filled with MoS2 solid lubricants. They reported 
that the elliptical textured tools with MoS2 have outstanding self-
lubricating properties through the dry cutting test of carbon steel.

In the above literature, the coatings on textured tools are made 
by expensive materials, such as DLC, TiAlN, WS2, and MoS2, and their 
preparations are also complex. This hinders the broad applications 
of textured tools with coating on the multi-tooth surface of the 
broaching tool. In this article, laser processing technology is used 
to prepare three types of textures on broaching tools. Copper with 
low hardness and excellent thermal conductivity is chosen as the 
covering material for textured grooves. The copper covering is made 
by a reciprocating rotational movement between the broaching tool 
and a copper bar, which has a reasonable cost. Comparative experi-
ments are carried out on a horizontal internal broaching machine 
under MQL conditions. The performance of the textured broaching 
tool with the copper coating is evaluated based on the cutting force, 
chip thickness, and curling radius of the chip. The cutting mecha-
nism using various textures broaching tools with copper coating for 
cutting steel 1045 is also investigated.

2 EXPERIMENTAL DETAILS

2.1 BROACHING TESTS
As shown in Figure 1, the experimental workpiece is made of steel 
1045(AISI). The size of the workpiece is 90mm in outer diameter (OD), 
41mm in inner diameter (ID), and 5mm in thickness (dm). The experi-
ment system consists of a broaching machine, force transducer, data 
acquisition instrument, and an atomization system. A horizontal 
internal broaching machine (Changer LG612Ya- 800) is used in this 
experiment; parameters are given in Table 1.

The force transducer is for acquiring broaching force and is com-
posed of four pressure sensors (CTY-204) and one amplifier with a 
maximum output voltage of 10V, a maximum load of 2t, and a fre-
quency response 50Hz. The data acquisition instrument (INV3018CT) 
with sample software (CIONV DASP V10) is applied to make sampling 
of data with a sampling frequency of 1 kHz. Based on the investiga-
tion of Ni et al. (2020), the cutting fluid with 10 wt.% castor oil and 
1.5 wt.% surfactants, when added with linear alkylbenzene sulfonate, 
obtains the lowest broaching force and is selected as a cutting fluid 
for the experiment. An atomization nozzle with a working gas pres-
sure of 7 bar is applied to deliver cutting fluids into the cutting tool. 
A ramp angle q =15° with distance ld =50 mm is used for the atomiza-
tion nozzle to achieve the best lubrication and cooling.

Figure 1: Broaching experimental system.

Parameter  Value

Rated broaching force  20KN

Maximum broaching stroke  800mm

Broaching speed  80mm/s

Diameter of the master cylinder Ø80mm×45mm

Oil pressure  6MPa

Table 1: Broaching machine and machining parameters.
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Broaching tools under three working conditions are tested. Figure 
2 depicts the preparation process of the tool surface in this test. For the 
first test, the tool’s surface is not processed, and its surface is uneven 
on the microscopic scale, as exhibited in Figure 2a. The tool with fabri-
cated texture on the surface, shown in Figure 2b, is used for the second 
test. For the last test, the surface of the textured tool is covered with 
copper, and a new flat surface is formed, as illustrated in Figure 2c.

2.2 PREPARATION OF TEXTURED TOOLS
The broaching tool is made from steel HSS-6542, with a length of 
600mm, a width of 16mm, a front height of 35.1mm, and a gear 
height of 36.75mm, as illustrated in Figure 3a. The broaching tool 

has 50 cutting teeth in total divided into six parts, as demonstrated 
in Figure 3b. The first four parts (I-IV) are for roughing with the 
same feed per tooth of 0.04µm, the fifth part is for semi- finishing 
with the feed per tooth of 0.01µm, and the sixth part is for finish-
ing without the feed per tooth. Each tooth has a rake angle of 12°, a 
clearance angle of 6°, and a pitch of 6mm. The rake faces of every 10 
teeth have the same texture prepared by a laser-marking machine 
(Han’s Laser H20); parameters are listed in Table 2. As shown in Figure 
3c, the first 10 teeth in Part I of the broaching tool have no texture 
(denoted as NT). The micro-pitted surfaces are prepared on the cut-

ting teeth in Part II (characterized as PT); the 
cutting teeth in Part III are striped textures 
(characterized as ST), and meshed surfaces 
are fabricated on Part IV teeth (denoted as 
MT). The depth-of-field photomicrographs 
of three-dimensional topography taken on 
the rake face of a textured tool are shown 
in Figure 3d.

Based on the actual condition of this 
experiment and the research by Obikawa 
et al. (2011), the dimension of textures is 
designed as follows: the size a of the surface 
is 0.1mm, and the spacing of the texture (b) 
is 0.25mm. The depth of texture is 0.06mm 
under a consistent processing parameter. 
Significantly, the surface was treated with 
2,000-mesh sandpaper preliminarily and 
5,000-mesh sandpaper after the laser pro-
cessing. Finally, the processed textured tool 
is rinsed with absolute ethanol. The photomi-
crograph is taken with 500 times magnifica-
tion using a high-speed digital camera (Type: 
KEYENCE VW-9000).

2.3 COVERING PROCESS
The process of covering copper on the rake 
face of broaching tool is illustrated in Figure 
4. The material of the copper bar used in this 
experiment is made of red copper C11000, 
whose main components and properties are 
listed in Table 3.

Automatic equipment is developed for 
covering the copper, as demonstrated in 
Figure 4a. The broaching tool with different 
textures is clamped on the fixture of sliding 
table 1; the feed movement of sliding table 
1 is along the x-direction. A copper bar is 
fastened with a DC motor rotor through a 
flexible coupling, and the DC motor is fixed 
on the sliding table 2. To cover the copper 

on the rake face of cutting teeth more evenly, the copper bar rotates 
while making reciprocating movements with the sliding table 2 in 
the y-direction, as shown in Figure 4b. The P direction in Figure 4b 
is shown in Figure 4c, which depicts the position of textures on the 
rake face of the broaching tool. After the copper is evenly grounded 
into grooves of textures, photomicrographs of textures with copper 
are taken by a KEYENCE VW-9000 high-speed digital camera with 
a magnification of 500 times, as shown in Figure 4d-4f. The cutting 
teeth with micro-pitted texture with copper, striped texture with 
copper, meshed texture with copper, and textures with copper are 
denoted as PT-C, ST-C, MT- C, and NT-C, respectively. Detailed process-
ing parameters of the device for covering copper are given in Table 4.

Parameter  Value

Power  12W

Spot diameter  50μm

Frequency  60kHz

Processing times  10

Repeat accuracy  ±0.003mm

Table 2: Parameters of the laser processing system.

Figure 2: The preparation process of tool surface: (a) initial surface, (b) textured surface, and (c) textured 
surface with copper.

Figure 3: Broaching tool: (a) schematic diagram of broaching tool, (b) distribution of textures on cutting teeth, 
(c) different textures, and (d) surface topography of textures.

Table 3: Main components and properties of red copper C11000.

Cu+Ag Bi Sb As Fe Pb S Others
   % % % % % % % %

99.9  0.001  0.002  0.002  0.005  0.005  0.005  0.08

 Tensile strength  Rockwell hardness  Elongation
 ≥295MPa  ≥65HRF  ≥3%



40     gearsolutions.com

3 EXPERIMENT
Results are discussed in terms of cutting force, chip thickness, and 
curling radius of the chip. A broaching tool without texture is used 
as a reference for comparison purposes. As mentioned earlier, repeat-
ability is guaranteed for each experiment.

3.1 CUTTING FORCE
In order to ensure the reliability of experimental data, each set of 
tests is carried out five times. The test is firstly performed using the 
broaching tool without textures; this technique is used as a refer-
ence for subsequent tests. To maintain the same working condition 
for the teeth, surfaces are prepared on the 
same broaching tool; broaching tests are 
conducted under a unified working condi-
tion. Afterward, copper is covered on the 
textured tool, and broaching tests are car-
ried out again. For working conditions to be 
consistent, copper is covered again by the 
equipment after each broaching test. The 
effect of different textures and copper on 
the cutting performance of the broaching 
tool is investigated as follows: The maximum 
cutting force of each tooth is chosen based 
on broaching test data; the average value of 
maximum cutting force corresponding to 
each texture is then calculated.

As shown in Figure 5, after the fabrica-
tion of textures, the cutting force (blue bar) 
decreases dramatically compared with that 
of the non-textured broaching tool. The cut-
ting force of ST (III) has the most significant-
ly reduced value, which amounted to 86.7N 
(7.6%). The cutting force of PT (II) is reduced 
by 60.4N (5.4%). The cutting force of MT (IV) 
has a minor reduction, equivalent to 32.6N 
(2.8%).

After covering the copper on the rake face 
of the broaching tool, the downward trend of 
the cutting force exhibits some changes compared with that of the 
textured tool. The most significant reduction in the cutting force 
can be ascribed to MT-C, which is 80.2N (7.2%). The cutting force for 
ST-C is decreased by 72.7N (7%), followed by PT-C, whose cutting force 
is reduced by 52.5N (5%). The minor reduction of cutting force is for 
NT-C, representing 44.4N (3.9%).

According to the above analysis, the cutting force of the copper-
covered tool is compared with that of the non-textured tool. The 
cutting force of ST-C decreases by 14.1%; minor differences in reduc-
ing cutting forces between PT-C and MT-C exist, reduced by 10% and 
9.8%, respectively.

3.2 CHIP THICKNESS
Chips in three parts of the broaching tool are collected after broach-
ing. The middle section of the chip (stable cutting area) is selected 
as the research object. Photos are taken using the high-speed digi-
tal camera at a magnification of 1,000 times, as shown in Figure 6. 
The average of five measurements at equal intervals is calculated 
in Equation 1:

where d is the average value of chip thickness, d1-d5 are measured 
values of the chip thickness at five positions, respectively.

The variation in chip thickness under different working condi-
tions is described in Figure 7. NT generates the most significant chip 
thickness, which equals 90.2µm. The most negligible chip thickness, 
64.1µm, is produced by ST. The chip thickness of PT is 77.6µm, which 

Figure 4: Process of covering copper on the rake face of broaching tool: (a) device, (b) detailed diagram of 
reciprocating rotational friction, (c) texture area, (d-f) different textures after covering copper.

Equation 1

Figure 5: Decrease in cutting force under different conditions.

Table 4: Processing parameters of the device for covering copper.

Unit  Parameter  Value

Sliding table 1 Linear speed (x) 50 mm/s
 Stroke  300 mm 

Sliding table 2 Linear speed (y) 50 mm/s
 Stroke 100 mm

DC motor  Rotational speed  100 rpm

Single tooth  Process time  3 minutes

http://gearsolutions.com
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is smaller than that of MT (i.e., 86.7µm).
When the copper-coated teeth are used for testing, the variation 

in chip thickness differs from the non-coated textured tool. The most 

negligible chip thickness, 57.2µm, comes from ST-C. NT-C obtains the 
thickest 80.1μm chip. Chip thicknesses of PT-C and MT-C are similar; 
they are 72.1µm and 72.2µm, respectively.

3.3 CURLING RADIUS OF CHIP
Photomicrographs of the chip are taken using a high-speed digital 
camera at a magnification of 20 times, as displayed in Figure 8. The 
curling radius of a chip on three different positions is measured to 
describe various working conditions’ influence accurately. A rect-
angular coordinate system is established. The initial point A and 
the highest point B of the chip pass through the x-axis and y-axis, 
respectively, and the cut-in part of the chip is perpendicular to the 
x-axis. The chip and the coordinate system intersect at three points: 
B, C, and D, respectively; p1, p2, and p3 denote tangents on these 
three points. The origin of coordinates is the center of circle 1 (O1), 
and O1B is the radius. The center of circle 2 (O2) is on a line perpen-
dicular to p2, and circle 2 is circumscribed to circle 1. Similarly, circle 
3 is circumscribed to circle 2, and the center of circle 3 (O3) lies on a 
line perpendicular to p3.

The curling radius of chips on three positions under each working 
condition is measured and demonstrated in Figure 9. As shown in 
Figure 9a, lengths of O1B, O2C, and O3D reflect the influence of dif-
ferent textures on the curling radius with consistent changing trends. 
The smallest curling radius of the chip occurs in ST; NT has the largest 
curling radius of the chip. Lengths of the curling radius of the chip are 
sorted from large to undersized as NT, MT, PT, and ST. It proves that 
textures on the tool surface reduce the curling radius of the chip. The 
curling radius of chips using the copper-coated tool is illustrated in 
Figure 9b. The largest curling radius of the chip is obtained by NT-C, 
followed by PT-C, MT-C, and ST-C. The data mentioned above show 
the curling radius of chips is reduced because of the copper covering, 
which is enhanced more for the meshed texture.

4 DISCUSSIONS

4.1 MECHANISM OF THE TEXTURE
In the metal cutting process, chips are formed by the extrusion and 
shearing of the tool. Bai et al. (2020) proved the contact and friction 
of the tool-chip interface directly affect the deformation of the mate-
rial, cutting temperature, the surface quality of the workpiece, and 
cutting force. Based on the research of Hwang (2014), the contact 
area between the chip and the tool is divided into bonding zone l1 
and slip zone l2. The forming of the chip in the cutting process is 
demonstrated in Figure 10.

Fang (2014) reported the frictional force and positive pressure on 
the tool-chip interface are the main sources of cutting force during 
the cutting process. The relationship between them can be given 
according to Shaw (1984) in Equation 2:

where Ff is the frictional force, FN is positive pressure, and b is the 
frictional angle.

 Textures on the tool surface do not significantly change the posi-
tive pressure. Therefore, FN is regarded as a fixed value in this con-
dition and will not be discussed. According to the investigation of 
Zhang et al. (2015), Ff mainly comes from the shearing of materials 
and lubricants and can be expressed in Equation 3:

where ts is the shear yield stress of the material, As is the bonding 
area of the tool-chip interface, tl is the shear strength of lubricant, 

Figure 6: Photo of the chip after broaching.

Equation 2

Equation 3

Figure 7: Chip thicknesses under different working conditions.

Figure 8: Evaluation of curling radius of the chip.
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and Al is the penetration area of lubricant.
Compared with non-textured cutting teeth, the As of textured 

cutting teeth is significantly reduced. Ff in turn, decreases accord-
ing to Equation 3 and b also becomes lower according to Equation 2.

According to the research of Lee and Shaffer (1951), the shear 
angle f is given in Equation 4:

where g0 is the rake angle of the cutting tooth, which is a fixed value. 
To investigate the deformation of the chip, the relation in Equation 
5 is introduced by Shaw (1984):

 where x is the chip deformation coefficient, a0 is the deformed chip 
thickness (actual measured value), d is the undeformed chip thick-
ness, and MN is the shear band. According to the above equations, 
the relationship between a0 and As is finally deduced.

The mechanism of different textures in the cutting process is 
illustrated in Figure 11, where the area ratios S for each surface are 
calculated based on the relation in Equation 6:

where Atexture is the area of texture per unit area, and Aunit is the 
unit area; values of S for mesh, stripe, and micro-pit textures are 
calculated as 64%, 40%, and 12.6%, respectively.

In the bonding zone, interface materials bond to each other 
due to higher stress, as shown in Figure 11a. Figure 11b, and Figure 
11c demonstrate that S’s value on ST is greater than that of PT. An 
increase in S reduces the area of the bonding zone, thereby reducing 
the cutting force. As exhibited in Figure 11d, the maximum value of S 
happens to be imposed on MT when the workpiece material is easily 
pressed into grooves of the meshed texture due to lack of support. 
This results in a significant increase in the bonding zone and the 
cutting force. Therefore, the cutting force of MT does not decrease 
with an increase in S.

The actual shear band is a convex curved surface, as demonstrated 
in Figure 12. The shear angle f1 at the bottom layer of the chip is 
greater than the shear angle f2 at the upper layer. Based on Equation 
5, the larger the f is, the smaller the x will be. According to Shaw 
(1984), the relationship between the speed of chip and x can be cal-
culated in Equation 7:

where vc is the speed of the chip and v is the cutting speed. In fact, 
v is considered as a constant during the cutting process; therefore, 
vc is inversely proportional to x. The cutting speed at the bottom of 
the chip equals the upper layer (v1=v2). A speed vector triangle can be 
drawn according to the sliding direction and shear angles of the chip 
on the bottom and upper layers. Among them, vs1 and vs2 are parallel 
to the tangent of shear-plane bottom and upper layers, respectively. 
The flow speed of the bottom metal of the chip is greater than that 
of the upper layer (vc1 > vc2), causing the chip to curl upward. The 

Figure 9: Curling radius of chip: (a) textured tool 
and (b) copper-coated textured tool (at left).

Figure 11: Influence of different textures on 
cutting force (at right).

Figure 10: Forming of chip in the cutting process.

Figure 12: Curling of chip in the cutting process.

Equation 4

Equation 7

Equation 5

Equation 6
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curling radius of the chip is inconsistent in 
different parts of the broaching tool. One 
possible reason is that textures on the tool 
surface reduce x such that the relative flow 
speed between the bottom and upper metal 
of the chip is different. The curling radius 
of the chip is compatible with the changing 
trend of cutting force discussed earlier.

4.2 INFLUENCE OF COPPER COVERING  
ON CUTTING PERFORMANCE
Chips are in close contact with the tool’s rake 
face during the cutting process, especially at 
the bonding area (l1), as depicted in Figure 
13a. The existence of texture on the tool 
surface allows the cutting fluid to be stored, 
and hence, a lubricating oil film is formed 
in the cutting area, as displayed in Figure 
13b. Because of a lower hardness, copper is 
used as the solid lubricant for the textured 
tool surface. The low-hardness copper forms 
a solid lubricating film during the cutting 

process without causing scratches and wearing on the tool surface, 
as demonstrated in Figure 13c. After covering copper in the groove 
textures, there are gaps between the chip and the tool surface due to 
the support of copper debris. The existence of these gaps assists the 
cutting fluid to penetrate more into the slit of the tooltip. Therefore, 
copper covering reduces the bonding area between chip and tool and 
increases the thickness of the lubricating film, leading to a reduction 
in the cutting force.

To further investigate the influence of textures and copper cov-
ering the wetting performance of the tool, six sets of surfaces are 
prepared on the specimen of steel HSS-6542. The spacing and size are 
the same as the non-textured cutting tooth; three sets of textured 
tools are coated with copper using the same method of reciprocating 
rotational friction. The contact angle (a) of the cutting fluid on each 
specimen is measured by the contact angle meter (TYPE: POWER 
EACH JC2000D1). The droplet volume for each wettability test is 5µL. 
The contact angle is evaluated when the droplet falls on the specimen 
for 8s (namely the steady-state). Even further, a high-speed camera is 
used to take a snapshot of the droplet, shown in Figure 14.

Textures on the tool surface store the cutting fluid and gener-
ate micro-pool lubrication. However, according to the Cassie model 
proved by Cassie and Baxter (1944), the presence of texture gener-
ates an air cushion in the groove of the tool surface, thereby reduc-
ing the wettability of the cutting fluid at the tool-chip interface. 
The contact angle of the surface with different textures is shown 
in Figure 14. The slightest contact angle 53°occurs on the specimen 

Figure 13: Cutting process: (a) non-textured tool, (b) textured tool, and (c) copper-coated tool.

Figure 14: Wettability of different textures with copper covering.
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without consistency, which means the cutting fluid has an affinity 
for the material’s surface. The most significant contact angle occurs 
on the striped texture, which is 66.5°. Its length along the longitu-
dinal direction of texture is also the largest, i.e., 4,565µm. This is 
because grooves formed by the striped surface hinder the horizon-
tal spreading of cutting fluid, and the longitudinal grooves have a 
drainage effect as a channel to make the cutting fluid spread quick-
ly. Longitudinal lengths of micro-pitted and meshed textures are 
similar, which are 3,206µm and 3,405µm, respectively, and much 
smaller than those of striped textures. Since the cutting fluid on 
the striped texture flows faster in the longitudinal direction, the 
tool surface is wetted rapidly during the cutting process. Therefore, 
the lubrication of the tool-chip interface is greatly improved.

After the textures are processed by the copper bar, grooves of 
the texture are covered by tiny copper debris. According to Wenzel’s 
model (1936), the specimen’s surface is generally flat, and the speci-
men’s grooves are filled with liquid. It can be seen from Figure 14 that 
contact angles and longitudinal lengths of all textures with copper 
covering are improved. Remarkably, the contact angle of the meshed 
surface is reduced from 54° to 16.5°, while its longitudinal length is 
increased by 501 µm (from 3,405µm to 3,906 µm). Since the copper 
in the textured groove forms many loose micro-pores, the generated 
capillary force makes droplets spread rapidly on the surface. The lubri-
cation condition of machining is enhanced as the surface wettability 
improved, and the cutting force is reduced accordingly. Therefore, the 
cutting force of MT is significantly reduced, and the striped texture 
still has a good performance in the longitudinal spreading.

As illustrated in Figure 15a, the tool’s surface has a wavy surface 
profile with unevenness in the microscopic view. As a soft metal, cop-
per fills the dimples on the tool surface during the rotating frictional 
process and blunts the prominent convex peaks. It reduces the shear 
force and friction generated by the relative movement of material 
and tool. This is also the reason for reducing the cutting force for 
non-textured cutting teeth after being coated with copper.

Figure 15b indicates a large amount of copper debris act as a solid 
lubricant in the cutting area. The relative violent friction between 
the chip and the tool generates a lot of heat because of the heavy load 
in broaching. The copper debris in the cutting area quickly absorbs 

the heat because of its excellent thermal conductivity. Some copper 
debris with high temperatures adheres to the chips and is taken 
away with the flow of chips. The rest are either washed away by 
the cutting fluid or squeezed into the textured groove. Textures 
increase the surface area of the tool surface, and heat dissipation 
rises accordingly. Consequently, copper debris accelerates the heat-
transfer efficiency in the groove and lowers the temperature of the 
tool surface. A decrease in temperature makes it difficult for the 
workpiece material to accumulate and bond at the tooltip; therefore, 
the shear force generated by material bonding is reduced and so is the 
cutting force. Moreover, the copper covering changes the frictional 
force of the tool-chip interface and affects the frictional and shear 
angles when chips are generated.

5 CONCLUSION
The research outcome of this article can be summarized as follows:

 � Textures on the tool surface decrease the contact area of the tool-
chip interface and reduce the cutting force. The striped texture has 
an excellent spreadability in the longitudinal direction, and, there-
fore, the cutting force of the tool with striped texture is the smallest.

 � Textured tool decreases the chip thickness, curling radius, and 
friction of the tool surface. This is due to the reduction in chip defor-
mation coefficient and an increase in the shear angle.

 � Convex peaks on the tool surface are passivated during the 
reciprocating rotation of the copper bar; therefore, the shearing 
force caused by convex peaks on the surface of the tool and chips 
is reduced. Simultaneously, copper debris is filled in the textures as 
the solid lubricant and decreases the cutting force.

 � A large number of micro-pores are generated in the groove of 
copper-coated textures. The capillary force formed by these micro-
pores improves the wettability of the tool surface. In addition, copper 
debris with a high temperature stick to the chips and is removed 
from the tool surface with the chip slide.
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Since 1950, REGO-FIX has offered precision 
toolholding solutions such as its ER collets, but the 
company is looking to make inroads within the gear 
industry with its innovative powRgrip System for 
5-axis gear milling.
By KENNETH CARTER, Gear Solutions editor

A
s with any industry evolving through the 
decades, there’s always room for improvement, 
and gear manufacturing is no exception.

To that end, REGO-FIX, a toolholding manu-
facturer based in Switzerland, has been making preci-
sion products such as its ER collets for holding drills 
and mills since the 1950s. However, the company is 
looking to take a deeper dive into the gear industry 
with its innovative technology.

“For gear manufacturing, the area that we have the 
potential to really help improve and support more, as 
well as help grow our business, is with 5-axis gear mill-
ing,” said Bryan Bannister, OEM manager for REGO-
FIX for the Americas. “That’s an area that actually I’m 
very familiar with. I was at Caterpillar as a gear engi-
neer where they were implementing 5-axis gear mill-
ing to replace some old shaping technologies. That’s 
an area where we haven’t had a lot of implementation 
of our powRgrip System just yet, but once we do, the 
customers are going to see a lot of success there with 
an opportunity for improvement.”

ADVANTAGES OF THE POWRGRIP SYSTEM
Bannister considers REGO-FIX’s powRgrip tool holding 
system as its flagship system.

“We hold the patent on it still, so no one else can 
make it besides us,” he said. “That limits how many 
people are aware of it, but it also controls the quality 
of it. Unlike all the other tooling systems out there, 
anybody can make a holder, so quality is up to each 
individual company. With powRgrip, because we’re 
the only ones that can make it, we keep that Swiss 
top quality just like our ER collets that we make.”

REGO-FIX’s powRgrip System is a press-fit tooling 
system that has 1 to 100 taper between the holder and 
collet, according to Bannister. The machine presses the 
collet and the holder together with the tool inside of 
it, causing a clamping force with a press fit.

With traditional 5-axis gear milling, most shops are 
using milling chucks, hydraulic holders, or shrink fit 
— holding systems that REGO-FIX is competing against 
with its powRgrip System.

“In fact, before I was aware of powRgrip and 
before I joined REGO, I actually used to recommend 
shrink fit as a tooling system for 5-axis gear milling,” 
Bannister said. “And that’s a good system, but powR-
grip is even better than that because of the vibration 

damping and 3 μm TIR capabilities that it offers.”
Even though 5-axis gear milling is a process that’s 

been available for about 20 years, there were only a 
few machine tool builders that offered the capabili-
ties, but now all the major machine tool builders are 
doing it. Whereas before, many companies weren’t 
offering gear teeth cutting, Bannister pointed out 
they are now with the development of hobbing or 
5-axis gear milling.

“On a 5-axis gear milling, you’re taking a standard 
off the shelf end mill, and you’re machining the gear 
profile on your gear tooth,” he said. “Traditionally, 
with gear milling or gear machining, you’d have to 
either have a dedicated hob or a shaping cutting or 
a grinding wheel that’s designed to the profile or 
module. You had special tooling or tooling that was 
to that type of DP or module that you’re manufactur-
ing. With 5-axis gear milling, your tooling no longer 
has to be specialized. You can take standard endmills 
off the shelf, and it’s the software and accuracy of the 
machine that allows you to mill the profile with any 
tooth modifications required. And now, the key thing 
in 5-axis gear milling is good tool holding, not only 
clamping, but also vibration damping and clearance.”

THE PERFECT SYSTEM
Bannister emphasized REGO-FIX’s powRgrip System 
is the perfect system to help with that.

“We offer some of the best tool clamping capabili-
ties on the market,” he said. “On top of that, we have 
better vibration and harmonic damping than other 
rigid systems because of how ours is assembled. With 
the powRgrip System, the tool goes into a sleeve, and 
the sleeve gets pressed into the holder. When your har-
monics are coming through in your milling process, 
those harmonics are being broken down when they 
go through each material. There are three different 
materials in that tool clamp setup.”

That transfer of harmonics through each material 
is what helps breaks down the harmonics and reduces 
vibration, which gives a better surface finish, accord-
ing to Bannister.

“In gear manufacturing, that’s very critical, espe-
cially when you want to get above an 8 AGMA or bet-
ter than 10 DIN for your quality — with the powRgrip 
System, we provide that,” he said. “And then, on top of 
that, the big key to why we designed the system was 



48     gearsolutions.com

our TIR, our runout. And with our holders, we have a 3-micron or 
better runout.”

REPEATABLE RUNOUT
And Bannister is quick to point out that is a true 3-micron runout 
through the entire tool setup, and it’s repeatable.

“That’s obviously huge because, with a 5-axis gear machine, one, 
like any machining, that runout will affect your tool life, and with 
5-axis gear machining, you want to reduce your tool changes as much 
as possible because it reduces variation,” he said. “The other thing is 
that a 3-micron or better runout will give you a better-quality gear. 
It won’t affect your profile. It’ll have less effect on your profile and 
your involute and your lead when you’re machining your gear teeth. 
Our system has the best TIR than any other system on the market 
that guarantees repeatability. You can get good runout like that with 
other clamping systems, but it’s just not as easy to do and usually it’ll 
take a lot more setup work, where ours is you press the tool together, 
and you’re good to go.”

With his background in gear manufacturing, Bannister said, 
although the industry isn’t using REGO-FIX’s powRgrip System just 
yet, he expects its use to grow as more customers test it and see the 
advantages it has over traditional clamping systems.

SWISS MADE
REGO-FIX’s powRgrip System is just part of what has made the com-
pany a profitable entity, and it is a small testament to its quality 
products.

“We still manufacture everything in our factory in Switzerland,” 

Bannister said. “We do not sub anything out to a low-cost provider, 
and we control that. That’s why, to this day, our ER collets are still 
the best in the market because we manufacture them to full quality 
capability. You can take our collets and a cheaper collet, assemble 
them, and do runout tests and clamping capabilities, and you’ll see 
why ours clamps stronger and have better runout. It’s because we 
keep that same precision quality from Day 1.”

That precision is why Bannister feels REGO-FIX’s powRgrip System 
will be a huge advantage to the gear industry, allowing companies 
to make top quality gears quickly and cost effectively.

“Our powRgrip System is a fast system for assembling tools,” 
he said. “Unlike other systems, like heat shrink, there is no heat 
involved. You don’t have to wait for your tool to cool down before 
you grab it and use it. You press it together, and you’re good to go.”

FAST DELIVERY
Another aspect of REGO-FIX’s quality is the company’s ability for fast 
delivery, according to Bannister.

“We stock 98 percent of everything we make in our U.S. ware-
house, and everything is also backed up in our Switzerland ware-
house,” he said. “Usually, when you order something, it gets shipped 
the same day. For example, especially this last year with COVID, we’ve 
had a lot of competitors and other tooling companies that had a lot 
of supply chain issues, and they’ve been out of stock for weeks on 
some products, and it’s been a huge benefit for us that we don’t have 
that. We’ve had a lot of customers that we’ve really helped because 
we saved them out of a bind because we were able to ship them a 
needed product the same day.”

REGO-FIX’s powRgrip System is a press-fit tooling system that has 1 to 100 taper between the holder and collet. (Courtesy: REGO-FIX)
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ETHICAL PHILOSOPHY
REGO-FIX has been a family-owned company since it was started 
in 1950 by Fritz Weber. Throughout its history, the company has 
maintained its place in many industries with a somewhat unique 
philosophy, according to Bannister.

“What I love about this company and part of the reason why I 
joined this company is the ethics; it’s a very ethical company,” he 
said. “Everything we do in operations — how we treat our custom-
ers, how we treat our vendors — is very ethical. And it’s always with 
the same intentions, and we will make decisions that might hurt 
our profitability, but it’s the right decision for how to treat people.”

Within the gear industry, the needs run the gamut from large 
gears used in the oil and gas industry, to smaller gears used in the 
automotive, aerospace, and medical industries. And even though 
global challenges have slowed gear manufacturing a bit over the last 
two years, Bannister believes it remains a good, profitable industry.

“Obviously, there are some segments, like automotive, with the 
advent of EV vehicles coming, that are going to reduce the amount 
of gears that are needed in a car, and so that will have an effect on 
the industry,” he said. “But there are a lot of applications that, as of 
right now, you still cannot replace it without the power transfer that 
a gear set offers.”

GROWING WITH THE INDUSTRY
With that need, Bannister sees REGO-FIX’s powRgrip System as an 
opportunity for the company to really grow in the industry.

“Our powRgrip System is a system that most of the gear-machine 
industry is not familiar with, especially the 5-axis,” he said. “The 

5-axis gear machining segment is growing big time every year 
because companies are able to see the benefit, especially for high-mix 
production. That’s where 5-axis gear milling is very lucrative because 
you don’t need dedicated tooling in order to machine these gear 
teeth. With our powRgrip System, we’re the perfect solution for it.”

But to make other companies realize the advantages REGO-FIX 
has to offer, Bannister said it’s important to get in front of the cus-
tomers and convince them to use its lucrative products.

“As I said, the people who know our power system love it; they’re 
huge fans of it, but it’s getting the word out there, and with us being 
the only company that can make it as its proprietary,” he said. “I see 
it as an avenue for us to start putting more resources and focus on, 
and we’ve pretty much had zero focus on it before. Also, with my 
background in gear manufacturing and gear engineering and know-
ing that industry and what it takes to make a good quality gear, it 
helps us better.”

With that in mind, Bannister emphasized suppliers and vendors 
need to understand the nomenclature and understand what a cus-
tomer is doing and what it takes to make a quality gear.

“If you’re not from this industry, it’s harder to understand that,” 
he said. “With REGO-FIX and my background, it helps to be able to 
talk the lingo and understand what it takes, so when people want 
to use our system, they can have that confidence in what we can 
offer.” 

MORE INFO us.rego-fix.com

REGO-FIX offers some of the best tool clamping capabilities on the market. (Courtesy: REGO-FIX)

http://us.rego-fix.com


50     gearsolutions.com

Amorphology, AddiTec 
partner for AM of strain 
wave gear flexsplines
Amorphology Inc., a NASA spinoff compa-
ny founded from technology developed at 
the Jet Propulsion Laboratory (JPL) and the 
California Institute of Technology, has part-
nered with Additive Technologies (AddiTec), 
a founding partner of Meltio, an additive 
manufacturing company pioneering the 
development of affordable metal 3D print-
ing systems. Together, Amorphology and 
AddiTec are developing the additive manu-
facturing of large steel strain wave gear 
flexsplines.

Strain wave gears are a compact and zero 
backlash gearbox used in robotic arms and 
precision-motion mechanisms. They trans-
mit torque through a geared thin-walled cup, 
hat, or band, called a flexspline. The flex-
spline has precise gear teeth and a flexible 

wall, a combination of qualities that drives 
the manufacturing costs of a strain wave 
gearbox. Because of their complexity, strain 
wave gears can account for a substantial por-
tion of the cost of a six-degree-of-freedom 
(6DOF) robotic arm.

“When you look at machining of flex-
splines that are six to eight inches in diameter, 
the large steel feedstock may be reduced to 
as little as 10 percent of its original volume. 
This is a detriment from both cost and sus-
tainability standpoints, as energy and mate-
rial are wasted to produce a part which is a 
shell of the original stock. Additive manu-
facturing becomes a promising alternative 
since the machining costs can potentially be 
dramatically reduced while allowing for the 
cost-effective use of high-performance steels,” 
said Dr. Glenn Garrett, Amorphology CTO. 

Amorphology and AddiTec together have 
demonstrated a 6-inch diameter prototype 
of a strain wave gear flexspline printed in 
high-performance 17-4 precipitation hard-
ened steel. The prototype was fabricated on a 

Haas CNC hybrid system running the Meltio 
Engine. The printed part was removed from 
the build-tray and then CNC machined into 
the precision shape. The process also allows 
for flexible and on-time production of a 
variety of large flexsplines without having 
to keep many diameters of stock in house.

“AddiTec uses Meltio’s laser metal depo-
sition with wire and/or powder (LMD-WP) 
technology (a form of DED). In LMD-WP 
process, lasers create a melt pool in which 
wire and/or powder is fed to create weld 
beads. These weld beads are then layered 
precisely to fabricate near-net shaped metal 
components. This technology can be used 
to create components from a CAD design 
or for part repair. In addition, the ability to 
integrate with a CNC machine makes it a 
hybrid system. Hybrid manufacturing is a 

‘one-stop solution’ for seamless metal compo-
nent production — it combines both additive 
and subtractive operations on one common 
platform, thereby reducing the overall cost 
and time for fabricating components,” said 
Brian Matthews, CEO of AddiTec.

Amorphology & AddiTec plan to develop 
this technology and expand their partner-
ship to multi-material and functionally 
graded material flexsplines, which cannot 
be produced conventionally.

MORE INFO www.amorphology.com 
 www.additec.net

New standard Ceratizit 
insert grades optimize 
steel turning 
With common steel turning operations in 
mind, Ceratizit has introduced three new 
standard coated-carbide ISO-P steel insert 
grades that provide up to 20 percent longer 
tool life when compared to previous genera-
tion grades. The new inserts are highly engi-
neered for increased productivity and fea-
ture advanced substrates, geometries, and 
Ceratizit’s innovative Dragonskin multi-lay-
er coating for lower heat and less tool wear. 

To prevent insert waste and easily detect 
wear, the gold-colored TiN outer layer of the 
Dragonskin multilayer CVD Ti(C,N)/Al2O3/
TiN coating acts as an indicator. It not only 

Additive manufacturing used to produce a 6-inch diameter strain wave gear flexspline from 17-4 PH steel. The 
part was manufactured using directed energy deposition and then precision-machined into the final shape. 
The prototype is compared to a common size-20 flexspline measuring approximately 2 inches in diameter. For 
larger flexsplines, additive manufacturing can provide significant cost savings and open the ability to tailor 
material properties. (Courtesy: PR Newswire/Amorphology)

NEW PRODUCTS, TRENDS, SERVICES & DEVELOPMENTS
PRODUCT
SHOWCASE

http://www.amorphology.com
http://www.additec.net
http://gearsolutions.com
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enables users to clearly identify insert 
wear and index before a breakage, but also 
prevents sharp cutting edges from going 
unused and the insert being inadvertently 
discarded. Plus, a mechanical post-coating 
treatment produces beneficial residual 
stress in the coating that results in increased 
process security, especially important in the 
large-volume production situations typically 
associated with turning ISO-P steels. 

Each of the three grades is engineered 
for optimizing specific production scenarios. 
The CTCP115-P (ISO P15) grade has enhanced 
resistance to high temperatures and is ideal 
for use at higher cutting speeds in smooth, 
continuous cuts in stable cutting conditions. 
The CTCP125-P (ISO P25) universal steel-
cutting grade balances toughness and wear 
resistance to provide consistent reliability in 
turning operations ranging from finishing 
to rough machining, while the CTC135-P 
(ISO P35) is a tough carbide grade for lower 
cutting speeds, interrupted cuts, and unsta-
ble machining conditions.

A new UP2Date product brochure from 
Ceratizit provides additional details about 
the new grades as well as information about 
a variety of other productivity-boosting met-
alcutting tooling and accessories. 

MORE INFO www.cuttingtools.ceratizit.com

Bodine offers new high 
torque type HG/H PMDC 
hollow shaft gearmotors
Bodine Electric Company introduces 20 
new type 33A-HG/H parallel shaft offset 
gearmotors. These new gearmotors com-

bine Bodine’s high-performance type 33A7 
permanent magnet DC (PMDC) motor with 
their new hollow shaft type HG/H gearhead. 
The type 33A motor delivers high starting 
torque, adjustable speed, and predictable 
performance under a range of operating 
conditions. The new offset parallel shaft 
HG/H gearhead provides flexible hollow 
shaft mounting and high torque in a small 

package. Typical applications include con-
veyor systems, patient mobility applications, 
food processing equipment, and factory 
automation.

Designed as a space-saving drive solution, 
the Bodine type HG/H hollow shaft gearhead 
is shorter in length but taller than compa-
rable parallel shaft gearheads. The offset 
design allows the gearmotors to deliver high 
torque for their size through a range of gear 
ratios. The large center distance between the 
gearbox and the motor enables these units 
to be fitted with dual drive shafts. The HG/H 
gearhead also features large hardened heli-
cal and spur gears and needle bearings to 
ensure quiet, long-lasting operation.

Bodine’s HG/H hollow shaft geared 
motors optimize mounting space, simplify 
installation, and reduce the number of com-
ponent parts. They can be directly connected 
to the driven load eliminating expensive 
shaft couplings and mounting hardware 
that can be unsafe, bulky, and present align-
ment issues. These hollow shaft gearmotors 
offer left- or right-hand face mounts for max-
imum application flexibility. 

The initial product launch includes 20 
standard gearmotor models with gear ratios 
from 27:1 to 108:1 with speeds from 12 to 
93 rpm. Rated torque ranges from 120 lb-in 

Nordex.com  I  Sales@nordex.com  I  Eng@nordex.com
800-243-0986  I  203-775-4877

ISO9001:2015 & AS9100D,  
ITAR Registered, NIST.SP800-171R1,  
Trace Certified,  
Class 100 clean room

CUSTOM ENGINEERING, 
PROTOTYPE WORK, PRECISION 
MACHINING, ASSEMBLIES AND 
STANDARD COMPONENTS
Gears, pulleys, shafts, 
bearings, couplings,  
fasteners, custom 
gear boxes

New insert grades from Ceratizit are engineered for increased productivity. (Courtesy: Ceratizit)

http://www.cuttingtools.ceratizit.com
mailto:Sales@nordex.com?subject=Referred by Gear Solutions
mailto:Eng@nordex.com?subject=Referred by Gear Solutions
http://nordex.com
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(14 Nm) to 702 lb-in (79 Nm). Bodine type 
33A7-HG/H gearmotors are available with 
five winding options: 12V, 24V, 90V & 180V 
(SCR Rated), and 130VDC.

Bodine offers several terminal boxes 
that provide IP-44 protection for the type 
33A7-HG/H gearmotors. Alternatively, they 
also offer a IP-44 boot kit for 33A motors, 
model 0977. In addition, they offer single-
extension and double-extension, 3/4-inch 
(0.75”) stainless steel shaft kits, and a shaft 
cover kit for the non-shaft extension side. 
The model 0964 encoder shaft kit allows the 

user to easily mount several readily available 
third-party encoder options to these new 
gearmotors. 

Bodine’s new type 33A-HG/H gearmo-
tors and accessories are available through 
Bodine’s extensive distributor network or 
from the Bodine website. Custom options 
are available to qualified OEMs. Typical 
OEM modifications include custom wind-
ings, application-specific mounting options, 
or special drive shaft kits.

MORE INFO www.bodine-electric.com

New Bantam Tools CNC 
air blaster pairs with 
desktop milling machine
Bantam Tools has launched the Bantam 
Tools desktop CNC air blaster accessory to 
go with its Bantam Tools desktop CNC mill-
ing machine. Now CNC operators can mill 
and increase chip evacuation and airflow at 
the same time, as the accessory integrates 
seamlessly with the Bantam Tools desktop 

Free trial version at www.KISSsoft.com

Bearing calculation with inner geometry 
in the „SKF Cloud“
Collision check during honing and power 
skiving
Import possibility of cylindrical gear flank 
measurement grid
System reliability at a glance with 
AGMA 6006-B20
Compare variants of gear modifications

▪ 

▪ 

▪ 

▪ 

▪

KISSsoft Features

KISSsoft AG/Gleason Sales
Brian P. Stringer

Phone (585) 494-2470
info@KISSsoft.com

Release
2021

NEW

GearSol_KISSsoft_Release2021_92_25x123_83mm.indd   1 26.05.2021   14:01:07

Bodine Type 33A-HG/H 
PMDC hollow shaft 
offset gearmotor. 
(Courtesy: Bodine 
Electric Company)

PRODUCT 
SHOWCASE
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CNC milling machine. 
The Bantam Tools CNC air blaster acces-

sory increases tool life, decreases cycle 
times, and improves material finish, taking 
in-house prototyping to the next level. It is 
ideal when working with heavy-debris mate-
rials such as aluminum, or when machining 
larger chips. Attached to an air compressor, 
the air blaster accessory has a powerful air 
flow that can be adjusted using a flow-rate 
knob. Users can also adjust the nozzle to 
make sure they are blowing air at the right 
angle for their cuts.

“Our customers have been asking for an 
air blaster and we delivered,” said Bre Pettis, 
CEO of Bantam Tools. “The Bantam Tools 
desktop CNC air blaster accessory helps 
improve a part’s finish, increases spindle life, 
helps increase material removal rates, keeps 
temperatures down, and overall, increases 
the lifespan of your machine and helps make 
better parts.”

“The Bantam Tools desktop CNC air blaster 
accessory is great,” said Nicholas Manousos, 
executive director of the Horological Society 
of New York. Manousos has been a Bantam 
Tools remote resident and beta tester. “The 
air blaster accessory helps me see toolpaths 
during longer jobs and makes it easier to 
catch problems while prototyping that are 
hard to uncover when simulating in my 
CAD/CAM software.”

MORE INFO www.bantamtools.com

KHK USA Inc. offers 
extensive line of premium 
metric worm gears
KHK USA Inc., distributor of the KHK® brand 
of metric gears, announces its extensive line 
of metric worm gears, manufactured to the 
highest quality standards by Kohara Gear 
Industry Co., of Japan. KHK’s large selection 
of worm gears are very quiet and provide 

smooth transmission of power and are suit-
able for a very wide range of applications 
where a large speed reduction is required 
in a compact space.

KHK worm gear pairs are offered in many 
modules, numbers of teeth and reduction 
ratios. Available materials for worms include 
structural carbon steel (S45C, etc.), structur-
al alloy steel (SCM415, etc.), stainless steel, 
and cast iron. Worm wheels are available 
in cast iron (FC200, etc.), nonferrous met-
als such as phosphor bronze and specialty 
bronze (nickel bronze, aluminum bronze, 
etc.), and engineering plastics such as MC 
Nylon.

All KHK worm wheels and most of the 
worms allow for secondary operations such 
as opening the bore, adding of keyways, 
adding of tapped holes, and the reduction 
of the hub diameter or shaft diameter to be 
performed. KHK USA stocks products which 
have already had some of these secondary 
operations completed.

Worm gears are one type of gears that 
transmit motion between non-intersecting 
and non-parallel shafts. Their shaft angles 
are generally 90 degrees. There are roughly 
two types of worm gears. One is a worm 

in cylindrical form meshing with a worm 
wheel, the pair comprising a “cylindrical 
worm gear,” and the other an hourglass 
form worm and its mating worm gear called 

“hourglass worm gear.” 

MORE INFO www.khkgears.us

NEW
Viper 500 K Internal & External Form Grinder
Workpiece Diameter 500mm (19.7 inch)
Workpiece Stroke 500mm (19.7 inch)
Module/DP .5-22 Mod (50-1.15 DP)
Wheel Width 60mm (2.36 inch)
Wheel Diameter 300-25mm (11.81-.98 inch)
Swivel Angle -45 / +180 degrees

Manufacturer of precision gears and machined parts, gearboxes, mechanical 
assemblies and electro-mechanical assemblies for Aerospace, Department of 
Defense, Aviation, Medical, Power Generation, Oil and Gas, Optical, Automotive, 

Marine and Commercial/Industrial industries.

AS9100 Rev C / ISO 9001:2008 Certified ITAR Compliant

800-773-GEAR
www.gearmfg.com

IN HOUSE
CNC Gear Grinding, CNC Gear Shaping, CNC Gear Hobbing, CNC Form Grinding, 
CNC Turning & Milling (up to 5 Axis), CNC OD & ID Grinding, CNC EDM, CNC Gear 
Inspection, CNC CMM Inspection, CAD/CAM, Jig Boring and Engineering Services. 

KHK offers a large selection includes stainless steel, 
aluminum bronze and nylon gears. (Courtesy: KHK 
USA Inc.)

The Bantam Tools desktop CNC air blaster accessory 
helps with CNC machining. (Courtesy: Bantam Tools)

http://www.khkgears.us
http://www.gearmfg.com
http://www.bantamtools.com


54     gearsolutions.com

SERVICING FELLOWS GEAR SHAPERS
On Site Service: Emergency & Scheduled
Technical Support: Via Telephone, Fax or E-mail
Training: Operator, Set-up & Maintenance (Electrical 
& Mechanical)
Preventive Maintence Plan: Customized to Your Needs
Parts: New and/or Used
Retrofits - Counters, Servo Controllers, or Single and 
Multiple Axis CNC
Hydrostatic Guides: Repair Service or Purchase New

Allen Adams
SHAPER SERVICES, Inc.

174 Innovation Drive N.
Clarendon, VT 05759
Telephone: 802-226-7891
E-mail: shaperservices@sharperservices.com
Website: www.sharperservices.com

SERVICING FELLOWS  
GEAR SHAPERS
On Site Service: Emergency & Scheduled
Technical Support: Via Telephone or E-mail
Training: Operator, Set-up & Maintenance (Electrical  
& Mechanical)
Preventive Maintenance Plan: Customized to Your 
Needs
Parts: New and/or Used
Retrofits: Counters, Servo Controllers, or Single and 
Multiple Axis CNC
Hydrostatic Guides: Repair Service or Purchase New

ALLEN ADAMS SHAPER SERVICES, INC.
174 Innovation Drive • North Clarendon, VT 05759
Telephone: 802-226-7891
E-mail: shaperservices@shaperservices.com
Website: www.shaperservices.com

Turn your existing manual gear tester of any make  
or model into a computerized gear analyzing system. 
Evaluate the result to AGMA or DIN specs. Print 
charts of the gear results and save the data.

MicroGear

Phone: +1 909 590 4327 • Fax: +1 909 590 8784
www.MicroGear.us • info@MicroGear.us

MicroCheck
An uncompromisingly versatile 
Gear Analyzing Software System

Very affordable. Highly advanced.  
Simple to use. Extremely accurate.

For information on how you can participate in the GearSolutions.com 
community storefront, contact dave@gearsolutions.com.

Dave Gomez – national sales manager 
800.366.2185 x 207

MAXIMIZE YOUR EXPOSURE

FOR ONLY
COMMUNITY
$350

PER YEAR

JOIN THE GEAR SOLUTIONS

Connect your company to the gear industry 
with a storefront in the Gear Solutions 
Community. Storefronts paint a portrait of your 
company with a 500-word description and 
include your logo, website link, phone number, 
email addresses, and videos. 

3999 25TH AVE. • SCHILLER PARK, IL 60176 • 847-447-3430 
www.gearracks.com • www.aversmachine.com

INNOVATIVE RACK & GEAR
is now part of

GEAR RACKS
& GEARS

GET CUSTOM-MANUFACTURED

American and Metric Standards
Straight and Helical
Fine and Course Pitch
Hard-cut and Soft-cut
Precision Quality to AGMA 12
Prototype and Production Quantities
Unique Tooth Configurations

Call 847-447-3430 for a free quote!

The Voice of Manufacturing
every Tuesday

www.mfgtalkradio.com 

with

Lewis Weiss 
and

Tim Grady

MARKET
PLACE

Manufacturing excellence through quality, integration, 
materials, maintenance, education, and speed.

Contact Gear Solutions at 800-366-2185 to feature your business in the Marketplace!
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Gear Solutions magazine has been the most trusted 
source for information and technical knowledge in the 
gear manufacturing industry for more than 15 years. 

Each issue, Gear Solutions offers its readers the latest, most 
valuable content available from companies, large and small, 
as well as critical thoughts on what this information means 
for the future of the gear manufacturing industry.

Best of all, it’s free to you. All you need to do is subscribe.
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www.gearsolutions.com
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Klingelnberg is in the process of constructing a new assembly 
hall. Why did you feel the need to pursue this project?
In 2019, we had decided to bundle the assembly and manufacturing 
activities of the Klingelnberg Group. The choice fell on Hückeswagen, 
which was already the largest site by then. The construction of the 
new assembly hall was therefore the last logical step within our 
efficiency enhancement program.

What types of assembly will be done in the new facility?
The new assembly hall is highly flexible. 
Thus, all types of gear machines can be built 
there. However, the hall is particularly suit-
able for large profile grinding machines, e.g. 
for the wind-power industry — here, high 
demands are imposed on foundations and 
air conditioning.

Do you see a growth in the need for large 
cylindrical gear machines?
In any case. The targets for reducing CO2 
require regenerative energies — wind power 
is an important component here. But the 
resulting need to store electrical energy, e.g. 
for electromobility, also leads to increased 
mining activity and thus to the need for 
large cylindrical machines.

What about the new assembly hall makes 
it stand out compared to similar facilities?
To enable assembly of even the heaviest and 
most sensitive machinery, the halls will be 
fully air conditioned and equipped with 
two bridge cranes — one with a 25-ton load 
capacity and one with a 40-ton capacity — 
and 10 wall-mounted traveling cranes with 
a 3.5-ton capacity. The hall will be built to 
meet the climate-efficiency requirements 
according to KfW 55 — a standard that is not particularly common 
for industrial buildings at present. By implementing this efficiency 
standard, the energy demand and consequently the CO2 emissions 
will be reduced. In addition, the plant technology was designed 
in such a way that currently 60 percent of the thermal energy is 
generated from renewable energies — an important step toward 
protecting the climate. The new assembly hall, which will occupy a 
floor space of approximately 8,000 square meters including offices, 
will be home to over 100 employees in the future. The new site will 
also have its own employee cafeteria.

Why did you pick Hückeswagen for the assembly hall’s location?
Hückeswagen is our “traditional” location — Klingelnberg has been 

producing here since the beginning of the 20th century. We are deep-
ly rooted in this region. Access to qualified labor is high, and as the 
largest employer in the town, our brand profile is high. In addition, 
we still own industrial land in Hückeswagen on a scale that would 
allow further growth if necessary.

When do you see the assembly hall becoming fully operational?
We are planning with autumn/winter this year. We are very much 
looking forward to it. 

MORE INFO klingelnberg.com

Q&A
INTERVIEW WITH AN  
INDUSTRY INSIDER

CHRISTOPH KÜSTER
CFO  KLINGELNBERG GROUP

“The new assembly hall is highly flexible; thus, all types 
of gear machines can be built there.”

Construction continues on Klingelnberg’s new assembly hall. (Courtesy: Klingelnberg)

The new assembly hall is highly 
flexible. Thus, all types of gear 
machines can be built there. However, 
the hall is particularly suitable for 
large profile grinding machines.

http://gearsolutions.com
http://klingelnberg.com


THE #1 SOURCE FOR USED GEAR 
MACHINERY — AND MORE!

820 Cochran Street  Statesville, NC 28677
704.609.0766  •  rich@pisellient.com
www.pisellient.com

Contact us to add your surplus machinery

MEMBER

MEMBER

2020 Mitsubishi Model ST-40A CNC guideless  
Gear Shaper, 18” max diameter capacity option

Fellows Model 10-4 CNC 3-axis Gear Shaper  
with Fanuc Controls, Motors & Drives

2005 Bourn & Koch model 100H CNC horizontal Hobbing Machine, 5” max diameter part

Fellows Model 36-8 12” Riser Cutter  
Elevating Gear Shapers

1997 Gleason Model GTR-250VG CNC 
chamfering, pointing and rounding

Gleason Model 350 GMM CNC Gear Testers, 
updated software 2016 & Renishaw probes

2012 Gleason Model 150 SPH CNC Power Honing machine

2006 Mitsubishi Model SE25A CNC  
Gear Shaper with autoloading

1997 Gleason Model Tag 400 CNC Generating 
Style Gear Grinder 400mm capacity

2005 Gleason Model Phoenix 125GH CNC  
6-axis Gear Hobber, 180-position loaders
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NEW! GE25HS also available for parts up to 250mm OD
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