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What is Mechanical Design?

• The design process of 
mechanical components and systems
(natural and artificial)

• This consists of mathematics, 
material science, mechanics 
(and sometimes biology)
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Examples of Robot Designs

Robot Design Lab – Mechanics

(Source: RIC Mechanics Collection)
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DFKI Robots for space applications

• 4-legged robot „ARAMIS“

• 6 Degrees od Freedom (DOF) per leg / 2 DOF  @ 
Head

• Laserscanner and camera

• Inertia measuring unit and foot pressure sensors

ARAMIS SCORPION

• 8-legged robot „SCORPION“

• 3 DOF per leg

• 1 linearer passive DOF per leg

• Camera

• Foot pressure sensors

Robot Design Lab – Mechanics
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DFKI Robots for space applications

SpaceClimber

• 4 DOF per leg

• Extremely versatile

• foldable

• Camera & pressure sensors

Sherpa

• Heterogeneous robot for the exploration of 
extraterrestrial planets

• Modularity, payload elements, robot 
cooperation (SpaceClimber)

• Versatile drivetrain

• Successors: SherpaTT, Sherpa UW, 
ATER

Robot Design Lab – Mechanics
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DFKI Robots for space applications

Charlie Mantis

• 36 DOF in total

• Spine with 6 DOF

• Biological inspired feet, 
48 FSR-Sensors per feet

• Locomotion-study

• Locomotion- & manipulation-system for 
rough environments

• 6 extremities / 2 usable as manipulators

• Stereo-camera system

Robot Design Lab – Mechanics
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Construction Process

documentation

Sources of information

specification

principles

design

Robot Design Lab – Mechanics
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 Guideline

Geometrie Größe, Höhe, Breite, Länge, Durchmesser, Raumbedarf, Anzahl, Anordnung, Anschluss, 
Ausbau und Erweiterung 

Kinematik Bewegungsart, Bewegungsrichtung, Geschwindigkeit, Beschleunigung 
Kräfte Kraftgröße, Kraftrichtung, Krafthäufigkeit, Gewicht, Last, Verformung, Steifigkeit, 

Federeigenschaften, Stabilität, Resonanzen 
Energie Leistung, Wirkungsgrad, Verlust, Reibung, Ventilation, Zustandsgrößen wie Druck, 

Temperatur, Feuchtigkeit, Erwärmung, Kühlung, Anschlussenergie, Speicherung, 
Arbeitsaufnahme, Energieumformung 

Stoff Physikalische und chemische Eigenschaften des Eingangs- und Ausgangsprodukts, 
Hilfsstoffe, vorgeschriebene Werkstoffe (Nahrungsmittelgesetz u. a.) Materialfluss und -
Transport 

Signal Eingangs- und Ausgangssignale, Anzeigeart, Betriebs- und Überwachungsgeräte, Signalform 
Sicherheit Unmittelbare Sicherheitstechnik, Schutzsysteme, Betriebs-, Arbeits- und Umweltsicherheit 
Ergonomie Mensch-Maschine-Beziehung: Bedienung, Bedienungsart Übersichtlichkeit, Beleuchtung, 

Formgestaltung 
Fertigung Einschränkung durch Produktionsstätte, größte herstellbare Abmessung, bevorzugtes 

Fertigungsverfahren, Fertigungsmittel, mögliche Qualität und Toleranzen 
Kontrolle Mess- und Prüfmöglichkeit, besondere Vorschriften (TÜV, ASME, DIN, ISO, AD-

Merkblätter) 
Montage Besondere Montagevorschriften, Zusammenbau, Einbau, Baustellenmontage, 

Fundamentierung 
Transport Begrenzung durch Hebezeuge, Bahnprofil, Transportwege nach Größe und Ge- wicht, 

Versandart und -bedingungen 
Gebrauch Geräuscharmut, Verschleißrate, Anwendung und Absatzgebiet, Einsatzort (z. B. schwefelige 

Atmosphäre, Tropen, ...) 
Instandhaltung Wartungsfreiheit bzw. Anzahl und Zeitbedarf der Wartung, Inspektion, Aus- tausch und 

Instandsetzung, Anstrich, Säuberung 
Recycling Wiederverwendung, Wiederverwertung, Entsorgung, Endlagerung, Beseitigung
Kosten Max. zulässige Herstellkosten, Werkzeugkosten, Investition und Amortisation
Termin Ende der Entwicklung, Netzplan für Zwischenschritte, Lieferzeit 

Hauptmerkmal Beispiele

book

Robot Design Lab – Mechanics
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 List of requirements

when?
what? who?

(to blame...)

requirement = has to be fulfilled
wish = „Would be nice if..."

obvious
clear
complete

Tip:
The more of the wishes you realize the 
better the product will be in the end.

Tip:
A picture says more that a thousand 
words. Add photos and sketches!

Robot Design Lab – Mechanics



13 / 71

 Principle solutions

1) Document ideas fast and unbureaucratic
2) Systematic aftertreatment

F
un

ct
io

ns

Total solution

Part-solutions

2) „morphologic box"1) sketches

books

RothViehbahn

Robot Design Lab – Mechanics
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1) qualitative: find forms and variations
2) quantitative: determine measurements
3) Modeling and drawing 

books

qualitative shape synthesis

Layout

quantitative shape synthesis

drawing

Robot Design Lab – Mechanics
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 1) qualitative design

• Machine elements: use buyable standard parts!
• vary shapes
• stick to the rules • rules of design:

  simple, clear, safe
• -principles: short force leads, etc.
• -rules: weldable, manufacturable 
etc.

Robot Design Lab – Mechanics
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Machine elements - screws
• Screw connections are nonpostitve, detachable connections

• The thread pitch is the distance between two adjacent threads

• Most of the screws are standardized 

Thread pitch  M6  
screw

Outside diameter of M6 
thread

Hexagon socket head cap 
screw

M6 x 1 - 20

Metric ISO-
thread

Nominal diameter
6mm

Thread pitch 
1mm

Thread length 
20mm

Robot Design Lab – Mechanics
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Machine elements - screws

Slotted screw

Phillips screw

Hexagon socket head 
cap screw

Hex bolt

• Different thread types
(Metric, fine-, cone-, Trapezoidal-, pipe-…)

• Right-hand and left-hand thread

• Different materials and strength classes

• Different head shapes

Strength class 8.8
Yield strength 640 N/mm2

Tensile strength 800 N/mm2

Screw-head disc nut

Strength class A2-70
Stainless Steel

Yield strength 450 N/mm2

Tensile strength 700 N/mm2

head-shapesCylinderhead screw 
20mm long

Countersunk screw 
20mm long

Robot Design Lab – Mechanics
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Machine elements - bearings

• Support and guidance of moving parts

• Name according to direction of load

• Radial bearing – load perpendicular to the axis of rotation

• Thrust bearing – load in the direction of the axis of rotation

Radial bearing

Thrust bearing

Source: SKF Hauptkatalog

F
F

Robot Design Lab – Mechanics
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Machine elements – plain-bearings

• Work with low slide friction materials

• Relative movement between shaft and bearing shell

• Suitable lubrication can reduce the friction up to a maximum of factor 100

• Plain bearings are less suitable for very high speeds

• High surface quality is important for the life of the bearing

• Space-saving, inexpensive, light and robust

source: Igus catalogue, 2006

Plain bearing without 
collar

Plain bearing with collar

Robot Design Lab – Mechanics
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Machine elements – roller-bearings

• Rolling friction –rolling elements on bearing rings

• Almost without friction, high rotation speeds

• Sensitive to impacts at low rotation speeds

• Sensitivity to dirt

• Naming of the bearing according to the rolling element shape
(ball bearing, cylindrical roller bearing, needle bearing, tapered roller bearing…)

Outer ring

Inner ring

Rolling element

cage

bearings - source: SKF main catalogue Rolling element shapes - source: Roloff / Matek

Robot Design Lab – Mechanics

(Ball)

(Cylinder)

(Needle)

(Cone)
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Machine elements - sealings

• Static sealings

• Dynamic sealings

• O-rings (round rings)

• Radial shaft seal (Simmerrings)

O-rings

radial shaft seal

Source: Simrit Technisches 
Handbuch Simmerringe

cross-section of a radial shaft seal

http://www.fachwissen-dichtungstechnik.de/

Robot Design Lab – Mechanics
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Machine elements - springs

• Springs store energy

• Tension, compression and torsion springs

• Spring stiffness and travel

Tension spring

Spring characteristics / Source: 
Roloff/Matek

Hooke’s law

F = R x s
Spring force [N] = spring rate [N/mm] x spring travel 

[mm]

Compression spring

Belleville washers

Robot Design Lab – Mechanics
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Machine elements – DC motors
• Example: Faulhaber 3257 motor

• 169 : 1 reduction gear

• Speed-dependent 
maximum torque

Shaft

Planet gear

Electro-motor

Rotary encoder

Motor characteristics

Source: Faulhaber u. Maxon Katalog

Idle speed

Stopping torque

P=M*[1/s]

n = Enutz / Ezu
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Machine elements - cylinders
• Linear actuators

• The range of movement is called the stroke

• Pneumatics – air pressure approx. 10 bar

• Hydraulics – oil pressure approx. 210 bar

Piston
Piston rod

Pneumatic cylinder

1 bar = 0,1N/mm2

force [N] = pressure [N/mm2] x piston surface [mm2]

F = p x A

Hydraulic cylinder (Source: Hänchen Hydraulik)
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 1) qualitative design

• Information sources for mechanical engineers
 Knowledge of others (ask them, Wikipedia)
 Free search on the internet
 DIN Norms
 VDI-directives / VDMA-publications
 Manufacturer-informations:

 www.wlw.de "Wer-liefert-was„ (Who delivers what)
 Local vs. global

 Patents (Patentresearch: http://www.depatisnet.de/)
 (teaching-) books

 SuUB, library, (online) antiquarian books hops, flee 
markets

Robot Design Lab – Mechanics
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book

2) quantitative design

• „if you have to calculate, the construction is not good." 
-> Observe proportions.

• Roughing calculations – survey orders of magnitude.

• Secure simulations with ad hoc tests.

• Built models or prototypes.

Light weight construction:
Homogeneous stress distribution in the 
components.

Often it is not the firmness, but the 
stiffness that makes the design goal.

Robot Design Lab – Mechanics
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Loads

tension compression torsionshear bending

• The design of mechanical components depends on the type of load

• They are often combinations of different types of loads

• Tensile, compressive and shear strength essentially depend on the cross-sectional area and 
the material proprties of the component

• Torsional and bending strength depend strongly on the geometrical shape of the component

Robot Design Lab – Mechanics
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Tension, elongation and modulus of elasticity

E = σ / ε
Modulus of elasticity [N/mm2] = tension 
[N/mm2] / elongation

ε = ΔL / L0 
elongation = change in length [mm] / initial length [mm]

• Components under tensile load undergo a change in length.

• Elastic range – components behave like a „spring“

• Plastic range – components deform permanently

• The relationship between tension and elongation is called the elasticity modulus (E-modulus).

• The modulus of elasticity depends on the material.

  σ = F / A
tension [N/mm2] = force [N] / cross-sectional area [mm2]

Change in length ΔL

Initial length L0

F F

cross-sectional area A

A

Example of E-modulus:  lead = 19KN /mm^2 / aluminium = 70KN /mm^2 / 
CFK = 150KN /mm^2 / steel = 200KN /mm^2 / diamond = 800KN /mm^2

Robot Design Lab – Mechanics
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Stress-strain diagram
• Determination of material properties in tensile tests

• E-Module, yield strength, tensile strength, 
elongation at break, …. 

Stretch limit

Tensile strength

tension σ 
[N/mm2]

source: Wikipedia

strain ε
Elastic deformation

pitch = E-Modul

Permanent deformation

Constricted tensile test
source: Werkstoffkunde – Bargel / Schulze

book

Robot Design Lab – Mechanics
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qualitative   design

quantitative design

modelling & drawing(norms, shapes etc.)

(material, strength, stiffness, 
     other desired parameters.)
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Buch

3) Modeling and drawing

• Historically, the drawing is the basis of the technical 
documentation.

• Nowadays the CAD file dominates more and more.

Robot Design Lab – Mechanics
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top view

side
view

front
view

• 2-dimensional representation of 3-
dimensional components by projection

• Representation of the views in technical 
drawings (in germany and most 
European contries)

• Caution: In English-speaking countries like 
the USA, the views are shown on the 
opposite side.

symbol projection method f.e. Germany – 
Source: Tabellenbuch Metall

symbol projection method
 f.e. USA – Source: Tabellenbuch Metall

Truncated 
cone

 3) Modeling and drawing

Robot Design Lab – Mechanics
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Technical Drawings

Center line – dash dot line
→ rotationally symmetrical part

Dashed lines – hidden edges

Full lines – visible component edges

Hatching – cut surfaces

Meaning of the line types

Robot Design Lab – Mechanics
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Technical Drawings

Scale 
enlarged

chamfer

Radii

Tolerances
Pitch circle diameter

depth

Lowering

Representation of threads

Source: Tabellenbuch Metall

Robot Design Lab – Mechanics
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CAD - Computer Aided Design

• CAD has changed the way that engineers work

• Software for creating and displaying mechanical components

• Sketch the contour of the component on a drawing plane

• Definition of relationships (parallel, symmetrical, tangential)

• Dimensioning – Define the components dimensions

2D drawing Dimensioning

Robot Design Lab – Mechanics
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CAD - Computer Aided Design

• Create solid

• Extrusion – parallel shift of the 2D sketch

• Rotation – Rotation of the 2D sketch around an axis

• The swept area defines the component volume

Extrusion Rotation

Robot Design Lab – Mechanics
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CAD - Computer Aided Design

• Cuts, chamfers and bores – removing material

• Radii – adding material

• Patterns – regular repetition of features
(linear and rotated patterns)

Insert of a hole Insert of a circular pattern Chamfers and radii

Robot Design Lab – Mechanics
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CAD - Computer Aided Design

• Combining individual components into assemblies

• Merging sub-assemblies into higher-level assemblies

• Mirroring components

• Linear pattern of components

Creation of an assembly Linear pattern
Creation of the 

production drawing

Robot Design Lab – Mechanics
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3D model
Technical drawings

sketch
CAD, sketches & drawings

• 3D models for true-to-scale  
representations of concepts

• Freehand sketches for communicating and 
documenting ideas

• Construction diary

• Technical drawings as manufacturing 
documents

principle

designdesign

design

Types of documentation

Robot Design Lab – Mechanics
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Generative manufacturing processes

• 3D printer
 New geometries
 Less restrictions in shape through 

manufacturing process (additive)
 Plastics (ABS, PLA, etc.)
 Combination of different materials

• Laser sintering
 Different plastics
 Different metals (Aluminium ….. Titan)

(up to 98% of the original „massive“ material properties)

Robot Design Lab – Mechanics
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Thermal extruders (RepRap & derivates)

 RepRap, Makerbot, etc.
 Material: ABS, PLA, etc,
 Ductile plastic characteristics

Extruder with heatable nozzle

Robot Design Lab – Mechanics
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Photoactive 3D-printer

• Inkjet process with hardening via UV-Rays

Printhead              Roller                    UV LightPrinthead              Roller                    UV Light

Robot Design Lab – Mechanics
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Photoactive 3D-printer

• Printing overhangs with support material
 Fine mesh structure with gealtinous filling material
 Removal via waterjet

Robot Design Lab – Mechanics
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Stereo Litography

Robot Design Lab – Mechanics
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Design of the STL file

• STL  
stereo litography file

• The design of the model 
has to be adapted 
depending on the printer 
and the process

 Oversize / undersize
 Support structures
 Thermal structures

(f.e. ABS-process)
 reinforcements
 Division of structure

(if buildingspace is too small)
 Outlet openings

(Quelle: www.thingyverse.com)

Robot Design Lab – Mechanics
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Slicer and printer software

Decomposition of the object 
into individual layers

• Addition of:
 Support structures
 Thermal structures
 Cleaning processes
 Base-plates
 a.s.o.

• G-code control
 Heating elements (nozzle, table)
 X,Y,Z travels
 Speed settings for diff. processes
 adjustment a.s.o.

Robot Design Lab – Mechanics
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Laser cutting (subtractive manufacturing)

• Cutting of metals, plastics, 
wood with a focused CO2-
Laser

• DXF 2D drawing + material type and 
thikness  G-code and axsis speeds

• More than 13mm of steel with small 
machines possible

• precision of a 1/10th millimeter

• Can produce poisonous gasses and 
can catch fire when not observed

Robot Design Lab – Mechanics

(umwelt-campus.de, 2022)

(rz-multitec.de, 2022)
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Water-jet cutting (subtractive manufacturing)

• High pressure water jet with 
abrasive substance

• Metal, stone, glass, wood, textiles, 
glassfibre, carbon fibre

• DXF 2D drawing + material type and 
thikness  G-code and axsis speeds

• More than 25mm of steel with small 
machines possible

• precision of a 1/10th millimeter

Robot Design Lab – Mechanics

(wgm-maschinen.de, 2022)

(protomax.com, 2022)
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What is Biomimicry or Biomimetics

• Bionik is an artificial word made out of BIOlogy und TechNIK (german „Bionik“ 
=/= US „Bionics“)

• Principle „Learning from nature for technology“

• Approach
 Plants and animals have solved many problems in the course of 

development history
 Engineers use these inventions for new technical developments

• Leonardo Da Vinci (1452 – 1519)

 Robot Design Lab – Mechanics
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Work-principles of Biomimicry

• Bottom-up-Prozess

• Top-down-Prozess

• Top-down-Prozess

 

BASIC Research  principle understanding  abstraction  technical implementation

Technical problem  role model in biology  understanding of principles  abstraction  patent specification

Robot Design Lab – Mechanics
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Example: Bottom-up-Process

role model                                                                     principle

abstraction                                                                 application

Robot Design Lab – Mechanics
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Example: Top-down-Process

?
problem                                              research                                           biological role model

abstraction                                                  elaboration                                    solution & end product

Robot Design Lab – Mechanics
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Application Areas of Biomimicry

 Robot Design Lab – Mechanics
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Example: Flying

• Problem: Vortex at the end of 
the planes wing

• Role model: 
arching feathers at birds wings

• Implementation: Winglets

 Robot Design Lab – Mechanics
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Example: swimming

• Shape optimization for drag 
reduction under water

 Robot Design Lab – Mechanics
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Example: functional surfaces 

• Lotus effect
 Self-cleaning surfaces through hydrophobe micro-structures

and the use of natural adhaesion-forces

• Applications: paint & sealings
z.B. facades, glas, surfaces

 Robot Design Lab – Mechanics
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Example: functional surfaces 

• Air-holding surfaces „Salvinia effect“
 Swimming fern repulses water 

( local hydrophobe material properties of the structure)

• Application: 
reduction of drag

 Robot Design Lab – Mechanics



60 / 71

Example: Compound Materials

• Compound materials
 Optimal fibre orientation for 

compound materials from natural 
„building plans“

 

• Applications: 
Aerospace industrys

Robot Design Lab – Mechanics
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iStruct – foot-module details

Robot Design Lab – Mechanics

(DoF = Degrees of Freedom)
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Mantis – system design

Robot Design Lab – Mechanics

        motor units                   logical units                           sensors
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Literature - must haves

Broschiert: 490 Seiten
Verlag: Cornelsen; Auflage: 31., überarbeitete und
aktualisierte Auflage. (September 2007)
ISBN-10: 3589241306
ISBN-13: 978-3589241309

"Hoischen"
Technisches Zeichnen

Broschiert: 336 Seiten
Verlag: Europa-Lehrmittel; Auflage: 43. A. (Juli 2005)
ISBN-10: 3808516739
ISBN-13: 978-3808516737

Robot Design Lab – Mechanics
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Literature - tools

Gebundene Ausgabe: 802 Seiten
Verlag: Vieweg+Teubner; Auflage: 18., (August 2007)
ISBN-10: 383480262X
ISBN-13: 978-3834802620

"Roloff/Matek"
Maschinenelemente

Gebundene Ausgabe: 768 Seiten
Verlag: Hanser Fachbuchverlag; Auflage: 3., (Mai 2004)
ISBN-10: 3446223363
ISBN-13: 978-3446223363

"Krause"
Konstruktionselemente 
der Feinmechanik

Robot Design Lab – Mechanics
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Literature - tools

Taschenbuch: 442 Seiten
Verlag: Springer, Berlin; Auflage: 9., bearb. A. (August 2005)
ISBN-10: 3540261079
ISBN-13: 978-3540261070

Robot Design Lab – Mechanics
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Literature - basics

Taschenbuch: 328 Seiten
Verlag: Princeton Univ Press, Revised edition 2007
ISBN-10: 0691125481
ISBN-13: 978-0691125480

Taschenbuch: 208 Seiten
Verlag: Forschungszentrum Karlsruhe; Auflage: 1 (August 2003)
ISBN-10: 3923704410
ISBN-13: 978-3923704415

"Mattheck"
(Schadenskunde)

Material-
wissenschaft

Robot Design Lab – Mechanics
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Literature – pragmatic helper

Gebundene Ausgabe: 403 Seiten
Verlag: Vieweg+Teubner; Auflage: 6., aktualis. u. erw. A. (1996)
ISBN-10: 3528149841
ISBN-13: 978-3528149840

"Bode"
Konstruktionsatlas

Broschiert: 237 Seiten
Verlag: VDI, Ddf. (Februar 1985)
ISBN-10: 3184190536
ISBN-13: 978-3184190538

"Tjalve"
Systematische 
Formgebung für 
Industrieprodukte

Robot Design Lab – Mechanics
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Recommended literature on Biomimetics

Robot Design Lab – Mechanics
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Summary of Key Topics

• Basic understanding of the 
mechanical construction process
principle solutions  layout / design  CAD

• Basic machine elements

• Basic manufacturing processes
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thank you for your attention
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