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Hierarchy of bone structure
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Bone remodeling

Modified from W.J. Boyle, 2003; H.K. Väänänen, 2000.

University of Michigan. http://www.umich.edu/news/index.html?Releases/2005/Feb05/r022005
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Osteoclast

RB: ruffeled border

BL: basolateral membrane

FSD: functional secretory domain

VT: vesicular transport (transcytosis)

Modified from W.J. Boyle, 2003; H.K. Väänänen, 2000.

University of Michigan. http://www.umich.edu/news/index.html?Releases/2005/Feb05/r022005
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Osteoclast in action

Breakfast, lunch and dinner for an osteoclast!
Alan Boyde, Bone Research Society
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Juana Mendenhall, CCMR, microscopic image contest

Mineralizing osteoblast

Weber FE and Lethaus B (2022) Osteoblast. Cell-to-Cell Communication: Cell-Atlas 
- Visual Biology in Oral Medicine ed. Gruber, Stadlinger, Terhyden
QUINTESSENCE  PUBLISHING DEUTSCHLAND ISBN: 978-1-78698-107-3 or 
QUINTESSENCE  PUBLISHING Great Britain  ISBN: 978-1-78698-107-3. 
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Bone remodeling
depends on mechanical load
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Osteocyte senses load

06.09.2024 Slide 9

Osteocyte
orchestrates bone remodeling

Nakashima T, et al. Nat Med 2011;17:1231–1234. 

NO und PGE2



Autologous bone is still the 
gold standard bone substitute

Mandibular reconstruction following tumor resection by using titanium plates and screws

Osteoconduction

Osteoconduction:
Three-dimensional process of ingrowth
of sprouting capillaries, perivascular tissue,
and osteoprogenitor cells from a bony bed
into the three-dimensional structure of a
porous implant to use it as guiding cue to
bridge the defect with bony tissue.

Osteoconduction myths
bone to implant contact (BIC)

Titan CaP

The initial formed woven bone (blue) lays mainly
between the titanium surfaces and is covered

with later formed lamellar bone (greyish-light blue)

In areas with bone and material, bone to implant
contact is only 10-20% of the implant surface



Osteoconduction

Osteoconduction:
Three-dimensional process of ingrowth
of sprouting capillaries, perivascular tissue,
and osteoprogenitor cells from a bony bed
into the three-dimensional structure of a
porous implant to use it as guiding cue to
bridge the defect with bony tissue.

Autologous bone is still the 
gold standard bone substitute

Mandibular reconstruction following tumor resection by using titanium plates and screws
courtesy of Prof. KW Grätz

Fibula (Wadenbein)

Biomaterial Scaffold

Growth 
FactorsCells

Cell induction

Principles of bone tissue engineering

osteoinductionmesenchymal stem cell
transplantation or attraction

BMP



time

Jung, Glauser, Schaerer, Hämmerle, Sailer, Weber FE  Clin. Oral Impl. Res. (2003)
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Urist et al.
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Wozney et al.

2002

The bone inducing principle

FDA 
approval

Lutolf, Weber FE, Schmökel, Müller, Hubbell Nature Biotechnology (2003)

8 mm Defekt

8 mm defect

control

PEG-Gel
with BMP

Synthetic material with 
cell based regeneration: PEG-Gel

Biomaterial Scaffold

Growth 
FactorsCells

Cell induction

Principles of bone tissue engineering

osteoinductionmesenchymal stem cell
transplantation or attraction

BMP

osteoconduction

2014 - 2024  3D-printed microarchitectures
16 papers 465 citations
2023-2024 zero mean curvature microarchitectures 
4 papers  16 citations in 6 months

Published October 2023 
is already cited 9 times



Additive manufacturing

Source: Rapid manufacturing association

ball                     hollow ball

GrapCap

Conventional porous
bone substitutes

 Pores randomly distributed
 Bottle necks vary in size

bone substitutes by 
additive manufacturing

 defined location of pores
 defined bottle necks

Micro architecture

Additive Manufacturing of  bone substitutes
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Additive manufacturing
Integration into clinical workflow

Work flow vom CT file to stl-file for AM

clinic            software     printing     clinic

Information about the
defect dimension =
macroarchitecture 

of the defect

Stl-file with information of the 
macroarchitecture of the defect 

enables the production of 
personalized bone substitutes

3D-



Architecture of bone substitutes

Macroarchitecture
e.g. the shape of the bone defect

Microarchitecture
Distribution of material in the scaffold
defines pore distribution, pore interconnection

Nanoarchitecture
Features of surface and the interior of material
e.g. roughness, microporosity,……

Can be realized by additive manufacturing

Osteoconductivity: Fast bone ingrowth to avoid non-unions

Architecture of bone substitutes

Macroarchitecture
e.g. the shape of the bone defect

Microarchitecture
Distribution of material in the scaffold
defines pore distribution, pore interconnection

Additive manufacturing facilitates the control
over macro- and microarchitecture and puts
bone tissue engineering to the next level

Which is the optimal microarchitecture to
speed up the healing of a bone defect?

1. Personalized bone substitute

2. Highly osteoconductive bone substitute

Titanium based scaffold
Rapid prototyping/selective laser melting
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de Wild, Schumacher,…, Weber FE  Tissue Engineering 2014

Ghayor…, Weber FE  Material & Design 2021



Titanium based scaffold: lattice
Rapid prototyping/selective laser melting

de Wild, ..Weber  3DPrinting&AM (2018)

Titanium based scaffold: lattice
Rapid prototyping/selective laser melting

de Wild, ..Weber  3DPrinting & Additive manufacturing   (2018)
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Rapid prototyping/selective laser melting
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Titanium based scaffold: lattice
Rapid prototyping/selective laser melting
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Osteoconductive lattice structure

rod distance 

bone

Osteoconductive lattice structure

rod dimension 

bone

bone



Lithography-based Additive Manufacturing of  
Calcium phoshate based implants

Lithography-based Additive Manufacturing of  
Calcium phoshate based implants

Source Lithoz AG

monomers
ceramic particlesslurry green body

photopoly-
merisation

Lithography-based Additive Manufacturing of  
Calcium phoshate based implants



Quelle Lithoz AG

after 
building

after 
debinding

after
sintering

photopolymer ceramic particle
(up to 60 vol%)

dense material
(>99,4 % T.D.)
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Post processing of the green body

Lithography-based Additive Manufacturing of  
Calcium phoshate based implants

Debinding and sintern yields in:
1. Initially, no biological materials can be used

(proteins, cells, bioactive substances)

Lithography-based Additive Manufacturing of  
Calcium phoshate based implants

Debinding and sintern yields in:
1. no biological materials can be used initially

(proteins, cells, bioactive substances)

2. Bioglass will transform from an amorphous to a 
crystalline state, will become a glass ceramic, 
and loose bioactivity .

Lithography-based Additive Manufacturing of  
Calcium phoshate based implants



Mechanics

Additive Manufacturing of  bone substitutes
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Lithography-based Additive Manufacturing of  
Calcium phoshate based implants

Debinding and sintering yields in:
1. no biological materials can be used initially

(proteins, cells, bioactive substances)

2. Bioglass will transform from an amorphous to a 
crystalline state, will become a glass ceramic, 
and loose bioactivity.

3. Calcium phosphates will loose their 
biodegradability



Lithography-based Additive Manufacturing of  
Calcium phoshate based implants

Demand for debinding and sintern yields in:
1. no biological materials can be incorperated initially

(proteins, cells, bioactive substances)

2. Bioglass will transform from an amorphes to a 
crystalline state, will become a glass ceramic, 
and loose bioactivity (above 500ºC.)

3. Calcium phosphates (HA) will loose their
degradability, since temperatures above 900ºC 
will increase crystal size and favors crystal
perfection.

TCP-based scaffolds

Disney.com

Switzerland is famous for porous products
de Wild, Schumacher,…, Weber FE  3D printing and  additive manufacturing (2016)

pore Bottleneck

Pores and bottlenecks

TCP-based scaffolds

de Wild, Schumacher,…, Weber FE  3D printing and  additive manufacturing (2016)

Basic design elements influence
stiffness anisotropy                    mechanics  

pore Bottleneck

Pores and bottlenecks
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TCP-based scaffolds
Pores and bottlenecks

Ghayor & Weber FE  Frontiers in Physiology (2018); patent pending 

unit cell

de Wild, Schumacher,…, Weber FE  3D printing and  additive manufacturing (2016)

pore Bottleneck

Solid works

TCP-based scaffolds
Pores and bottlenecks

Ghayor & Weber FE  Frontiers in Physiology (2018) 

TCP-based scaffolds
Pores and bottlenecks

Ghayor & Weber FE  Frontiers in Physiology (2018)



TCP-based scaffolds

25 years 
old dogma

optimal 
design

Ghayor & Weber FE  Frontiers in Physiology (2018)

Osteoconductive porous structure

pore dimension 

bone

Bone augmentation:vertical gain of bone height 



Bone augmentation

Brown & Terhyden der junge Zahnarzt 2/2018

Bone augmentation

Rieder et al  (2018) IJMS

Preclinical model for bone augmentation

thread groove and priming  

Ghayor  et al…  Weber FE  Materials&Design (2021)

Models for Osteoconduction 
and bone augmentation 



Bone augmentation

Pore design

Ghayor  et al…  Weber FE  Materials&Design (2021)
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Bone augmentation

Pore design

Ghayor  et al…  Weber FE  Materials&Design (2021)
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Pore design microarchitecture

Osteoconduction      bone augmentation

bone
bo

ne

bo
ne

bo
ne

Ghayor  et al…  Weber FE  Materials&Design (2021)

Osteoconduction

Obregon et al (2015) JDR

Lithography-based designs

Filament design

Weber FE (2019) Tissue Engineering part B All three designs are identical in 
amount of material, porosity, 

microporosity and transparency.

Osteoconduction 
directionality



Osteoconduction 
directionality

Unit cell

Filament (G) design
Filaments  in 

y and z-direction

Filament design

Osteoconduction and directionality

Filaments  in 
x and y-direction

osteoconduction

Filaments  in 
x and y-direction

Filament (G) design
Filaments in 

y and z-direction

Filament design

osteoconduction

Osteoconduction and directionality



Filaments  in 
x and y-direction

Filament (G) designFilaments  in 
y and z-direction

Filament design

Osteoconduction and directionality

b
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Bone grows in x, y-direction
all beams in direction of bone growth

b
o
n
e

b
o
n
e

Only halve the beams in 
direction of bone growth

Guerrero J,….  
Weber FE, 

Int  J Bioprint
(2023)

Bone augmentation

Filaments  in 
x and y-direction

Filament (G) design
Filaments  in 

y and z-direction

Filament design

Bone 
augmentation

Bone augmentation and directionality

Filament design

Filaments  in 
x and y-direction
are not aligned to 

bone augmentation



Bone augmentation directionality
Filaments  in 

x and y-direction
non in direction of augmentation

Filament (G) designFilaments  in y and z-direction 
halve in direction of augmentation

Filament design

bone

bone

Filament-based microarchitecture in
osteoconduction and bone augmentation

bone augmentation       bone defect/osteoconduction
FiL

FiLG

Fil050G and Fil125G 
are identical in material, 

amount of material, 
porosity, microporosity 

and directionality 

Filament (G) design

Early phase osteoconduction

Guerrero J, et al Weber FE, Int  J Bioprint (2023) FilG125
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Early phase osteoconduction

Days 0                      7 10                 42                    140

Lafuente-Gracias Front. Bioeng. Biotechnol., Volume 9 - 2021 | https://doi.org/10.3389

Microarchitecture induced early phase 
mesenchymal stromal cell differentiation

Fil050G Fil125G Mesenchymal stromal cell differentiation
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Microarchitecture induced early phase 
angiogenesis and vascularization
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Microarchitecture induced 
early phase angiogenesis

Fil050G    

Fil125G
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Natural bone microarchitecture
is gothic style

Trabecular microarchitecture takes
up the load directly and is constantly
adjusted to actual loads during bone
turnover (Wolff’s law)

Biomimetic or technomimetic
microarchitecture

bone is a lightweight, load-
driven, gothic style 3D- structure 
aiming towards high strength lightweight 3D- structure 

high strength/low material
in aerospace, aviation and EV

PLA/β-TCP composite
processed by a supercritical
C02 foaming methodology

Biomimetic look alike 

Adaptive Density Minimal 
Surface (ADMS) algorithm 

trabecular bone                   ADMS      microarchitecture

“technomimetics” 

Strength of implant is optimized for 
a single location           all locations 



ADMSAdaptive Density Minimal Surface algorythm

ADMS autonomous design algorithm calculates structures 
using minimal resources while providing maximum 
strength. This image shows the development of a satellite 
bracket as part of the European Space Agency’s Open 
Space Innovation Platform (Courtesy spherene AG) 

Simplified 
Complexity:
spherene
Parameter 
Driven Design 
Tools

ADMS based shoe sole design

ADMS-lightweight microarchitectures
Adaptive Density Minimal Surface geometry 

Maevskaia et al. ..Weber FE  3D Printing & Additive Manufacturing (2022)

ADMS is periodic and 
adaptable to predefined load

Osteoconduction
”natural” pores or “artificial” microarchitectures

ADMS  channel  500µm      ADMS  channel 800µm       ADMS  channel 1100µm

lattice

Maevskaia et al. ..Weber FE  3D Printing & Additive Manufacturing (2022)



Osteoconduction
”natural” pores or “artificial” microarchitectures

Maevskaia et al. ..Weber FE  3D Printing & Additive Manufacturing (2022)
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Osteoconduction
lightweight microarchitectures/2D maximal pore diameter

Maevskaia et al. ..Weber FE  3D Printing & Additive Manufacturing (2022)

Osteoconduction
lightweight microarchitectures
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ADMS 800 µm HA
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Mechanics
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Maevskaia et al. ..Weber FE  3D Printing & Additive Manufacturing (2022)

ADMS-lightweight microarchitectures
Adaptive Density Minimal Surface geometry 

Maevskaia et al. ..Weber FE  3D Printing & Additive Manufacturing (2022)

ADMS is periodic and 
adaptable to predefined load



Osteoconduction
lightweight microarchitectures versus lattice in critical size defect

Maevskaia et al. ..Weber FE  3D Printing & Additive Manufacturing (2022)

Osteoconduction
lightweight microarchitectures versus lattice

Maevskaia et al. ..Weber FE  3D Printing & Additive Manufacturing (2022)

Osteoconduction
lightweight microarchitectures

lattice
strait 

ADMS/TPMS
curvy 

bone bone

Maevskaia et al. ..Weber FE  3D Printing & Additive Manufacturing (2022)



Microarchitecture orchestrates 
osteoconduction and bone augmentation
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