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Peculiarities of grinding machines

« High cutting speed ranges: 30 to 300 m/s

* Normal forces significantly higher than the tangential forces

« Grinding machines need massive protections against wheel failure
«  CNC driven dressing devices to generate the tool geometry

- Extreme precision of axes, rotational accuracy of spindles

- Balancing device to reduce centrifugal forces

- Large heat generated =» cooling dominates energy consumption

- Grinding machines with oil as coolant require a fire protection

« Contact-sensor based on acoustic emission (AE)

- High quality enabler =» part measuring device for iterative correction
« Abrasive swarf = requirements for sealing-off machine parts

« High costs



Trends in development of grinding processes

Structured abrasive layer technology and grain orientation
Modified grinding wheel hub designs

High-speed-grinding (HSG)

Hybrid & multi-task grinding technologies
Temperature-controlled grinding processes

Importance of coolant supply and coolant type

Influence of coolant types on surface roughness
High-speed grinding of titanium-nickel-nitride coated steel
A
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Market-driven requirements

* Productivity
* Accuracy

* TCO

* Resource and
energy efficiency

* Footprint

* Safety and
ergonomic impact

* Maintenance
requirements

* Industry 4.0

70
60 auxiliary process time
L& 50 M grinding time
€S 40
o .
=% 30 Reishauer [2015]
a0 e
%g_ 20
" [l
0 B ==
1987 1991 2001 2003 2009 2011 2015
RZ301S RZ362A RZ400 RZ150 RZ260 RZ60 RZ 60
(100 mps)
Required activities for improvement ‘ .
‘ Design for
‘ Hardware- Environment
A 1 Cutting ?)as;?nization Lightweight desi
el « Lightweight desi,
y Control Improvement _p _ Stwctral
Software- Improvement : ::i“d'fcmc"’“' optimization
. Assisted Machini . Optimizati
Assessment based IMOL (Minimum " power rapsmsion
and Modeling ~ Optimization + Prognosis of energy Quantity Lubrication) . Minimizing hydraulic
consumption « Dry machining losses
+ Optimization of « Control of peripheral
process parameters devices
. Charactcrimtion of and machining path « Adaptive control of
consumption « Minimizing standby cutting load
components time

« Monitoring and

Modeling




Total cost of ownership (TCO)

Machine-tool acquisition and depreciation, services and support (e.g.
maintenance, training), operating expenses (e.g. tooling costs for grinding
and dressing), the cost of machine downtime & productivity losses.

The cost of energy consumption can be incorporated into to specific
operation’s data, such as the OEE. The machine-tool builder has

significant leverage to effect the TCO in terms of energy and resource
efficiency in the machine design phase.

New business models? Material-removal rate as a service? “Result-
oriented” services focuses on a specific manufacturing result.
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Industry 4.0

(1) Big data, (2) advanced analytics, (3) new systems of human-
machine interaction, and (4) utilization of cyber-physical systems (CPS)
for interconnecting digital (virtual) resources with the physical assets.

Attributes
V. Machine module/component configuration for:
Configuration Self-organization
Level = Self-awareness, -adaptation and -optimization

= Self-maintenance and -repair

= Integrated modeling, simulation and analytics
= Remote visualization
= Collaborative diagnostics and decision-making

= Cyber databases
= Digital representation of machine and components
= Manufacturing system clustering and data mining

Advanced analytics for:
= Component prognostics and health
= Multi-dimensional feature/data extraction
» Performance prediction

* Plug & play
= Real-time communication

= Sensor networks
=Actuation Lee [2015]




Virtual reality
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Principles of accuracy

Error budgeting in design phase

A closed structural loop indicates high
stability and the likely use of symmetry to
achieve a robust design

Abbé’s and Bryan’s measurement principles _
Aurich [2014]

Minimizing of thermally-sensitive and Morantz [2015]
mechanical cantilevers and offsets

Minimizing thermal spatial and timely
gradients by design and thermal control

Use of thermo- and load-symmetric designs
Hydrostatic bearings and guideways

Use of materials with low coefficient
of thermal expansion

Use of feed-back systems with high
accuracy and linearity

On-machine tool generation / rework of tools




Chatter (self-excited vibrations)

- Regenerative effects = workpiece and grinding wheel surfaces
« Chatter suppression systems =» monitoring and control modules

regenerative effect on
grinding wheel surface
due to
grinding dressing

Inasaki [2001]

regenerative effect on
workpiece surface

regenerative effect on
dressing roll

dressing roll
dressing
stick
* grinding stiffness » dressing stiffness
* grinding damping * dressing damping
» contact stiffness » contact stiffness
 wear resistance * wear resistance
« geometrical constraint « geometrical constraint

dynamics of grinding machine — = dynamics of dresser




Chatter mitigation

« Continuous-variable-feed-rate (CVFR)

« Continuous-workpiece-speed-variation (CWSV)

« Grinding-wheel speed variation

* Modification of components to increase stiffness and/or damping in
the in the design phase (structural damping)

- Passive damping

« Active damping = integrated monitoring and mitigation systems
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Drive systems and guideways

.

Relative grinding cycle time

Focus on realizing precise movements
with low friction and high damping —
most damping in machines comes from
drives and guideways

Role of velocity, acceleration and jerk to
realize necessary grinding kinematics

Linear motors — no backlash, increased
dynamic stiffness and in combination
with hydrostatic guideways low friction
and no wear

Hashimoto [2012]

() &"»% "

3 © 0.1pum/div_

| =Machine 1 - linear drive
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Plain bearing guideways
(1) Center of wheel, guideways and feed actuator \ f i
(2) Linear encoder
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Grinding machine base made of mineral cast

Consisting of natural hard stone
of various sizes, mixed with a
bonding agent

Other terms used are “Epoxy
Granite”, “Polymer Concrete”,
- “Reaction Resin Concrete”.

* Very high damping!

____ Mold

Guideway

Glued
element




Adaptive and mechatronic systems

 Integration of sensors, intelligence and actuators Relversing
1 . . ever
without weakening the machine structure

- Adaptive hydrostatic bearings for compensation |
« Active damping, tool holders, workpiece fixtures . — N gfitli‘l/:A
- Adaptive spindle for chatter mitigation

- Adaptive workrest blade for centerless grinding
» Adaptive dressing

« Adaptive fluid supply Boldering [2012]

m force sensors
o accelerometers

Tool holding/grinding
machine adapter
Wheel mount

Upper actuator adapter
Parallel pin
Lower actuator adapter
MONOLASTIC coupling
Force sensor

Taper
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Preloaded Piezo actuator

Interlock nut

Mass-balance gear holder




Power [kW]

Power profile and energy efficiency
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Coolant supply

 Significant amount of coolant to counteract the grinding burn
- The circumferential wheel speed is very high
* Due to wear and dressing the grinding wheel changes geometry

Ringdiise

motor-driven motor-driven

o

djustment of h,o;;i | | nozzle inlay as 7 adjustment of hy,

| flexure hinge

£ e

Jochum [2012]

Heinzel [2015]



Coolant supply — CFD optimization

. . Velocity [m/s]
* Understanding multiphase and x;apff\lﬂ B
iy & 5 40
boundary conditions N
« Prediction of cooling behavior \ G %ffj
! 0 (a)6=0mm

*  Optimizing the flow around the
grinding wheel

« Optimizing nozzle designs

6: Scraper-wheel gap

— | Alberdi [2011]
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Wheel conditioning

- Profiling, sharpening, cleaning, (structuring)
« Non-mechanical dressing processes developed but mechanical

dressing prevails in the industry (1) Grinding wheel
- Industrial breakthrough for xEDD C | L % 2Eeane gap
dielectric >— wire eleclrode WEDD “Uv (4) Gap control f(U)
supply y % (5) Generator

(> T Tg 20...200pus

CN(tZ— b (6) Grinding
controlie f
path " SEDD

Klotz
Studer [2016]

Scholze
Agathon [2016]




Tool exchange and clamping

- Extreme requirements for balancing and runout = reproducibility
« Dedicated fluid supply i,
- Dressing requirements

Standard solution: B-axis

Rollomatik [2014] Alfred Schiitte [2016] Schneeberger [2016]



Special machine developments

«  Combined machines: grinding combined with:
cutting with defined cutting edges, LDMD, EDM
=» specialized process chain on one machine
=» accuracy by avoiding re-clamping

Studer [2016]
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Special machine developments

 Ultraprecision machines Part stzs
1im+p
« Ultra-large machines 7
' I ooy Ultra-precision
*  Micro grlnder 10 mm+ machining

« Compact and desktop machines 1 mm

e

10 ym+ machining anc Microprocessing

\J L) : ’
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Brinkseier [2013]
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Value of operator support systems

Grinding today strongly depends on experience

11% fulfilled all features,

=1 89% need optimization
14:
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Grinding experts Gaegauf, Studer [2011]



Requirements for operator support systems

Coolant

= Type of coolant

=  Supply: speed and
mass flow

=  Supply: point and

direction of

interaction

Special cooling, dry,

minimal, cryogen

# Process

* Process planning
Stock removal
Wheel speed
Feed rates
* Dressing cycles
* Measuring cycles

Workpiece
» Material type

* Material properties
» Compliance

» Surface integrity
* Accuracy

» Surface quality
Thermal behavior




Stability degree
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regenerative effect on Barrenetxea [2014]
grinding wheel surface
due to
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regenerative effect on
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dressing roll
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* grinding stiffness « dressing stiffness
* grinding damping * dressing damping
» contact stiffness « contact stiffness
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» geometrical constraint » geometrical constraint
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Realization of operator support system

OPTIMIZATION INPUTS

SELECT PARAMTERS DEFINE

FIX OBJECTIVES TO OPTIMZE CONSTRAINTS

e Minimize cycle time e Infeed cycle configuration e Roughness, roundness,
e Adjust to established cycle | e Dressing conditions size tolerance, straightness
time or production e Geometrical configuration cilindricity
® Regulating wheel speed ¢ Chatter, lobing, spinning,
and feed angle burning, nominal power

OPTIMIZATION ENGINE

Analycal and empirical models Empirical data:
Database or calibration
Heuristic rules Process knowledge

OPTIMIZATION OUTPUTS

INFEED & THROUGHFEED Barrenetxea [2011]
PROCESS CONFIGURATIONS WHEELS DRESSING CONDITIONS

e Feed speeds and posotions e Dressing traverse speed and depth

e Sparkoul time e Disc dresser speed

¢ Regulating wheel speed and feed angle e Optimal dressing geometry in throughfeed
® Workpiece height and blade angle




Main game changing technologies in machines

* Tool changers with sufficient accuracy so that re-
conditioning or rebalancing after tool change is no more
necessary

« Expert systems or simulation based support systems for
operators that drastically reduce the setup times

* Energy- and resource-efficient grinding machines
« Scientific, model-based machine design and construction

* Model-based compensation of erroneous motions like
dynamic and thermal drift

- Enhanced and adaptive coolant supply

« Self learning, self-adapting machines equipped with
sensors, actuators and model-based artificial intelligence

* Interconnectivity



State of research vs. industrial maturity
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Thank you for your kind attention!
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