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I. Introduction and Historical Perspective 
 

What do Materials and Mechanics have to do with Medicine? 
• Materials are in common medical devices  

o Revolutionized treatment, millions # used every year, there shouldn’t be a FBR 
o Polymer: intraocular lens, contact lens, vascular graft, catheter, breast implant, 

renal dialyzer 
o Metal: stent, dental implant, pacemaker 
o Ceramic, metal and polymer → hip and knee prostheses 
o Metal and polymer → heart valve 

• Mechanics in Medicine 
o Understand the structure/function relationship of biological systems 
o Design of medical devices with mechanical compatibility 
o Mechanics of cellular processes (mechanosensing, mechanotransduction) 
o Not only material but also mechanical compatibility important: 

§ Healthy bone: stress is applied to the top of the femur → transmitted 
through the trabeculae of the cancellous bone → transmitted to 
cortical bone 

§ Femoral implant: stress applied to the top of the femur → higher 
modulus of the implant material → stresses are transmitted down the 
stem of the implant → less stress carried by the bone in this region → 
bone resorption 
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Brief History of Medicine: from art to evidence-based science 
• How old is medicine? → aspirin in tooth plaque (50’000 years old) 
• First surgery 

o Trepanning: Neolithic skull 6500 BCE, 30% of skulls, world-wide use, performed 
on living patients → spirits, headache, head wounds, mental disorders 

o Bloodletting: second oldest (harmful) surgery 
• Prehistoric to ancient Medicine 

o Illness is caused by evil spirits and demons 
o A shaman or medicine man communicated with the spiritual world by 

chanting, clapping, dancing or drumming 
o Treatments include offerings, spells, sacrifices (illness is the patient’s fault) 
o Divination is used to determine the cause and treatment 
o Cure is when the spirit causing the disease is driven out 
o Imhotep (2650-2600 BCE): father of medicine in ancient Egypt 

§ Treatments focused on the body rather than talking with spirits 
§ Channel Theory: flow through 46 channels responsible for good health 
§ Blocked channel → disease → laxative, emetic, purge, bloodletting 

o Hippocrates (460-370 BCE): 
§ Oath: treatment to help the sick according to ability and judgement, 

but never with a view of injury and wrongdoing 
§ Disease is natural phenomenon, not by spiritual/supernatural forces 

• Imbalance in the 4 humors: blood, mucus, yellow/black bile 
§ Diagnosis of disease by scientific observation of patient’s symptoms 
§ Emphasis on strengthening the body, building up its resistance, 

prescribed diet, exercise, massage, importance of hygiene 
§ Categorized disease as epidemic/endemic, chronic/acute  

o Claudius Galen (129-216 CE): expanded the role of body humors, correct 
human imbalance: fever – bloodletting, yellow bile – cupping, black bile – 
vomiting  

• History of Pandemics: constant companion as humans spread across the world 
o Bubonic Plague/Black Death: 15-20 years to spread (slow travel) 
o Miasma Theory: putrid smells are cause of disease → clean with herbs & spices 

• Science begins to influence medicine 
o Andreas Vesalius (1514-1564): corrected Galen’s errors («nerves do not run 

between organs, no pores in the septum of the heart»), demonstration of 
human anatomy by dissection (executed criminals) 

o Harvey & Malpighi: Harvey explains human circulation, Malpighi discovers 
capillaries in 1661  

• First clinical study: James Lind (1716-1794), patients with scurvy 
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• Science & Technology take charge (1800-1900)  
o Microscopes allow discovery of germ theory, stethoscopes, anti-septic and 

aseptic surgery, anesthesia  
o John Snow (1813-1858): father of anesthesiology and epidemiology, 

introduces ether & chloroform during surgery, increase in surgical deaths  
o Ignaz Semmelweis (1818-1865): introduced handwashing with calcium 

hypochlorite, findings largely ignored due to strong belief in 4 humors 
o Joseph Lister (1827-1912): publishes “Antiseptic Principle of the Practice of 

Surgery Translated”, applied germ theory to the OR, got surgeons to accept 
germs existed, replaced by aseptic technique (sterilization) 

o Louis Pasteur (1822-1895): germ theory proved, pasteurization of beer and 
milk, vaccinated cows against anthrax 

o Sir Alex Fleming (1881-1955): discovered Penicillin in 1928, reduced bacterial 
infection mortality, syphilis, tuberculosis, enabled more complex operations 

• Hospitals in Modern Times: centralization 
o 1903: William Einthoven develops the electrocardiograph to measure electrical 

changes during beating of the heart  
o 1895: William K. Röntgen discovers x-rays  
o 1930s: X-ray visualization of practically all organ systems, thanks to application 

of Barium salts and radiopaque materials  
o 1930s: Blood banks due to advances in hematology (blood differentiation, 

sodium citrate prevents clotting) & refrigeration 
o 1927: Drinker-respirator 
o 1939: First heart-lung bypass  
o 1940s: Cardiac catherization and angiography 
o 1950s: Electronics, ultrasound, telemetry, computers 
o 1980s-1990s: 3D imaging technologies (CT, MRI, PET, SPECT)  

• Future Trends in Medicine: immunotherapy (CART), microbiome, 
precision/personalize medicine, deep learning, gene editing, aging as a disease, mRNA 
therapies 

• History of Biomaterials: stone → bronze → iron → plastic (present) → nano (future) 
• Demography: increasing life expectancy → decreasing # of working people per elderly  
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II. Biomaterials 
Introduction 

• Definition:  
o A non-viable material used in a medical device, intended to interact with 

biological systems 
o A substance (other than a drug) or combination of substances, synthetic or 

natural in origin, used to treat, augment, or replace any tissue, organ, or 
function of the body  

o Broad definitions to include not only implants but also things that are going to 
interact with the system 

• Key applications: 
o Operating room: 

§ Catheter (1 billion patients per year): teflon (PTFE), silicone, poly 
urethane (PU) 

§ Blood bags: poly vinyl chloride (PVC) 
§ Sutures: poly propylene (PP), poly lactic acid (PLA) 

o Skeleton 
§ Joint replacement (2.5 million patients per year): titanium, stainless 

steel, polyethylene (PE), ceramic  
§ Dental Implants: titanium, zirconium Dioxide 

o Intraocular and contact lenses: poly methylmethacrylat (PMMA) 
o Artificial kidney: cellulose, polysulfone, silicone, PTFE 

• Requirements: 

 
• Mechanical properties: 

o Ceramics: hard-brittle (hart-spröd), group I and II in periodic table 
o Metals: ductile-tough (biegsam, dehnbar-zäh), transition metals in PSE 
o Polymers: ductile-soft (biegsam-nachgiebig), above diagonal from B to At 
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Non-degradable Polymers 
• Most sold biomaterial by type: 43% polymers, 30% metals, 18 composites, 6% 

naturals, 3% ceramics 
• Largest range of properties 

o Flexible, tough 
o Some are degradable 
o Biocompatible 
o Low friction 
o Inert → not chemically reactive = do not adsorb proteins  
o Transparent 

• Copolymers: polymers composed of 2 or more different types of monomers 
• Covalent bonds (shared electron pairs) between monomers 

o Monomers: simple molecules that are repeating structural units 
o 103 or more monomers → polymerization → linear, branched or network 

structure (long chain of carbons) 
o Huge range of properties via changing the crosslinking process, side groups 

and/or the length of the chain 

      
• Poly (ethylene): most widely produced 

 
o Ultra-High Molecular Weight Polyethylene (UHMWPE) 

§ MW = 3 million Da = 3 MDa 
§ Extremely high wear resistance (entanglements of long polymer 

strands) 
§ Slippery, waxy, water-repellent surface → non-reactive side groups 
§ Used for knee implants 

• Poly (propylene): 2nd most widely produced 
o Translucent (visible), chemically resistant, tough, heat resistant 
o Different location (tactility) of the CH3 hydrophobic group: 

§ Isotactic: R all on 1 side  
§ Syndiotactic: one left next right 
§ Atactic: random → assemble less and lower tensile strength 
§ All polymers can have these different forms 

o Used for surgical sutures (you can see how much you injected) and syringes 
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• Poly (vinyl chloride): 3rd most widely produced 
o Flexible, sterilizable, transparent, chemically resistant 
o Substitution of H to Cl gives flexibility 
o Used for tubes and IV therapy bags 

     
• Poly (methyl methacrylate) 

o Good optical properties → key property = optical transparency 
o High refractive index, easily processed, environmentally stable, relatively 

inert, good mechanical properties 
o Used for intraocular and contact lenses 

 
• Poly (tetrafluoroethylene)  

o Fluorine atoms of PTFE (= teflon) prefer their own kind → drawing to each 
other while repelling any other kind of molecule (ex. water) 

o Not good for implants but good for medical devices that do not have to be 
incorporated in the body 

o Used for IV therapy syringes 

 
• Polysiloxanes 

o Elastomers, sealants, coatings 
o Very high oxygen permeability 
o Used for breast implants and drug delivery 
o Polydimethylsiloxane PDMS: R = CH3 

               
• Crystalline, semi-crystalline or amorphous structure 

o Amorphous region → softer and better water access 
o Crystalline region = chains well aligned → stiffer and excludes water 
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Metals 
• Properties related to atomic structure: 

o Transition metals regime of the periodic table 
o Valence electrons: outer shell electrons, can participate in chemical bonds 

• General properties of implant metals 
o Shiny, opaque, heavy 
o Ductile, thermal and electrically conductive 
o Close packing of atoms into lattices (crystal structure) → regular arrangement 

of atoms into densely packed slip planes → structure type depends on element 

 
o Readiness to lose electrons to form an oxide (mobile electrons in orbitals) 
o Delocalized, outer valence electrons relatively free → atoms surrounded by a 

“gas” or “sea” of highly mobile electrons 

 
o Cooling liquid metal → crystallization at distinct regions → borders define 

grains → grain boundaries 
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• Mechanical properties of implant metals depend on chemical composition and 
processing history 

o Strength depends on the ease which dislocations propagate → ductility  

 
o Movement of dislocations stop at grain borders → more grains = fewer 

dislocations 
§ Smaller grains: higher material strength but lower ductility 
§ Larger grains: lower strength, high potential for plastic flow 
§ The more grains boundaries (small grains) the higher the material 

strength 

 
• Implant Metals 

o Biocompatible chemical composition to avoid adverse tissue reactions 
o Resistance to corrosion 
o Mechanical strength to endure cycling loading 
o A relatively “low” modulus to minimize bone resorption 
o High wear resistance to minimize wear debris 

• Cold working  
o Increases yield and failure strength 
o Less ductility → change of cold working increases dislocation density → stiffens 

material → dislocations get tangled → hindered progression through material 
• Cold rolling: best way to increase the properties → very stiff metal 
• If the stiffness is too high, it is possible to make the metal softer and more ductile 
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• Most common implant metals are alloyed 
o Alloy = mixture of metals or a metal combined with 1+ other elements → 

improved strength and corrosion resistance 
o Stainless steel: iron/carbon with chromium, nickel, molybdenum 
o Titanium with nickel, vanadium 
o Cobalt chromium with molybdenum 
o Solid solution strengthening putting alloy atoms into lattice (interstitially 

and/or substitutive) to strengthen the structure of the pure metal 

 
• Annealing (Glühen) 

o Process, that makes the metal bend a little bit  
o Annealing above the crystallization temperature → grains reform  
o Size of the grains depends on the temperature 

§ Higher temperature → softer and more ductile, as the atoms can slip 
past each other → grain boundaries are hit less easily 

•  
Effect on alloying and processing on strength and stiffness → aim is to get a material that is 
more similar in stiffness and deformity to bone 

Material Ultimate Tensile Strength 
(MPa) 

Deformity (%) 

Titanium 785 24 
Ti-6Al-4V (%) 960 10 

Cobalt Chrome, Cast 655 8 
Cobalt Chrome, Forged 

(hammered) 
1172 12 

Stainless steel 30% cold 
worked 

896 20 

Stainless steel 60% cold 
worked 

1240 12 

Stainless steel Annealed 550 55 
Bone 150 2 
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Comparison of Implant Metal Properties → pure titanium is not often used 
 Stainless Steel Titanium Titanium Alloy 

Strength +++ + ++ 
Ductility + ++ +++ 
Lightness + +++ +++ 

Allergenic (Ni) ++ + ++ 
Biocompatibility ++ ++ ++ 

Surface Roughness + +++ +++ 
Cost + +++ +++ 

 
 

Ceramics 
• Properties 

o Ionically bound atoms (attraction between oppositely charged ions) 
o Electrically/thermally insulating → do not have delocalized electrons 
o Corrosion resistant 
o Strong, hard, wear-resistant 
o Brittle, danger of catastrophic failure! 

• Ceramic Heads of Hip Implants: Al2O3 
• Ceramics have alternating charge of an ionic structure → no slip dislocations 

o Slip dislocation would lead to +/+ or -/- position near each other → resistance 
o Not possible to break a single bond, only possible to break a plane of bonds 

leading to a fracture in the bond (= lot of force needed) 
o This is why ceramics undergo very rapid failure with little ductility 

 
• Bioglass (Larry L. Hench) 

o Metallic and synthetic polymeric → rejection → scar tissue formation 
o Bone contains a hydrated calcium phosphate component → hydroxyapatite  
o Synthetic HA mimics HA in the body → not rejected 
o Titanium coated with HA results in bone tissue deposition → osseointegration 
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Linking Atomic Structure and Material Properties 
• Macroscopic properties are related to the atomic structure → periodic system of the 

elements (PSE) 
 

 
 

Comparison 
 Ceramics Metals Polymers 

 
 

Pros 

 
biocompatible, no 

corrosion, strong in 
compression, low 
wear, microbial 

resistance 

ductile, strong, 
tough, ease of 
manufacturing 
(formed into 

complex shapes), 
high resistance to 

fracture 

ease of 
manufacturing 
(formed into 

complex shapes), 
biocompatible, 
biodegradable, 

flexible, tunable, low 
friction, inert 

 
 

Cons 

 
expensive, brittle, 

difficult to machine 
and shape, prone to 
sudden catastrophic 

failure 

form oxides upon 
electron loss, stress 

shielding, wear 
debris, metal ion 

allergies, thermally 
and electrically 

conductive, 
corrosion 

 
can have toxic 
degradation, 
byproducts, 

properties change 
with sterilization, 

weak, deform over 
time 

 
• Composite: material produced from two or more constituents, properties reflect both 

components (e.g polymer can be made stronger by adding fibers or more friendly to 
bone growth by adding HA ceramics) 
 



Seite 14 von 113 
 

How to describe the strength of materials 
• Strength: measures how much stress the material can handle before permanent 

deformation or fracture  
• Yield Strength: the stress at which material begins to deform plastically (=non-

linear)  
• Ultimate Strength: maximum stress before failure occurs 
• Stiffness (E): resistance of the material to elastic deformation 
• Toughness: how well the material can resist fracturing when force is applied → 

requires strength and ductility 
• Resilience: ability of the material to spring back into shape; elasticity  
• Ductility: ability of a material to undergo permanent deformation through 

elongation  
• Necking: mode of tensile deformation where relatively large amounts 

of strain localize disproportionately in a small material region 
• Typical curve for low carbon steel: 

                      
• Specific strength: Ashby-Diagramm 

o 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐	𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ = 	 !"#$%&"	$()"#*(+
,"#$%(-

 

o Ratio for steel and willow (tree) is not that different 
o Natural fibers (spider silk and composites): strong, light, biodegradable 

§ Scaffolds for wound healing and tissue engineering of bone, 
cartilage, tendon and ligaments 
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 Impulse Lecture: Intraocular Lenses 
Overview 
Eye anatomy: 

 
 

Cataract 
• Opacification (Trübung) of the lens 
• Cause: age, trauma, hereditary, medication, diseases 
• Symptoms: slow and painless vision loss, blurred vision, foggy sight, 

double vision, halos (bright circle surrounding the source of light) 
• Therapy: surgery 

o Removal of the clouded lens 
o Implantation with a clear artificial lens 
o Safe (outpatient setting = ambulant) 
o Rare complications (infections, bleeding, retinal detachment) 
o Extracapsular extraction (ECCE) 

→ if cataract is very thick 

 
 

o Phacoemulsification 
§ Most common technique and surgical procedure in the world 
§ Minimal invasive: small incisions (2mm) 
§ Ultrasound → destroys cataract 
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Intraocular lenses (IOL) 
• Treat refractive errors produced by extraction of the lens 
• Composed of optic (central part) and the haptics (side structures)  
• Expectations: clear lens, good biocompatibility, no posterior opacifications, foldable 

(1.4-2.4 mm), stable 
• Biocompatibility 

o Biological response to a foreign body material depends on the design and the 
material itself 

§ Chemically inert, physically stable, non-carcinogenic, non-allergic, no 
foreign body reaction 

o Main features: lens material, optic edge design, lens surface properties, haptic-
optic combination 

o Characteristics of the host 
o Surgical technique 

• Posterior opacification 
o Most common complication of cataract surgery → “secondary cataract” 
o Migration, proliferation and differentiation of lens epithelial cells in the 

posterior lens capsule 
o 20-50% of all patients within 2-5 years of cataract surgery 
o Laser treatments (YAG; Neodym-dotierter Yttrium-Aluminium-Granat-Laser) 

 
Materials 

• Poly (methyl methacrylate) PMMA 
o First implemented material 
o Advantages: very good tissue tolerance, low foreign-body 

inflammatory response, high choroidal biocompatibility, good 
optical properties 

o Disadvantages: rapid and not foldable = large incision necessary, 
intolerance to high temperature and pressure 

• Poly (hydroxy-ethyl-methacrylate) PHEMA 
• PMMA-co-PHEMA 
• Silicone 

o Made from silicone-polymer 
o Designed for smaller incisions but not suited for microincision surgery 
o Advantages: very clear lens, low rate of posterior opacification and cell growth 

(inflammatory reaction) → no overgrowth 
o Disadvantages: very abrupt opening in the anterior lens chamber → damages 

the eye, bad handling when wet, adherent to silicon oil, favors bacterial 
adhesion → high risk of postoperative infection 
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• Acrylic 
o Chemical substances with acrylic group (CH2=CH-COR) 
o Foldable IOL → most common IOL nowadays 
o Hydrophobic vs. hydrophilic (measure of materials tendency to separate itself 

from water) 
§ Hydrophobic acrylic 

• Designed of copolymers of acrylate and methacrylate derived 
from PMMA 

• Advantages: small incidence of posterior opacification, high 
refractive index, slow opening in the chamber 

• Disadvantages: glistening (glitzern) 
§ Hydrophilic acrylic 

• Combination of hydroxy-ethyl-methacrylate (pHEMA) and 
hydrophilic acrylic monomer 

• Advantages: can be implemented through incisions <2mm 
• Disadvantages: higher rate of optic opacification 

Future 
• Light adjustable IOL 

o Allows post-operative changes in IOL power as outcome is not always 
predictable (inaccurate refraction, unpredictable lens position, wound healing) 

o Photochemistry and diffusion 
• Accommodative lenses 

o Change of the refractive power of the eye 
o Lost after cataract surgery 
o Progressive change in its power in relation with the active contraction of the 

ciliary body 
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Drug delivery 
• Routes of drug administration: ocular, buccal (dissolves in mouth), pulmonary, 

systemic (blood), surgical, oral, transdermal, vaginal 
• Advantages:  

o Maintain therapeutic level of drug at the site (local > systemic) 
o Protection of the drug and of the person 
o Ease of administration 
o Calibrate the drug release profile to the patients’ needs 
o Reach otherwise difficult to reach areas (restricted, such as brain) 
o If implant is biodegradable, it does not need to be removed 

• Requirements for drug delivery systems: 
o Safe for clinical use 
o Degrade into non-toxic products 
o Tunable degradation rate (days – months) 
o Biocompatible 
o Concentration needs to be in between max. and min. effective concentration 

§ Minimum effective concentration: below drug not effective 
§ Maximum effective concentration: above drug is toxic 
§ Solution: sustained release → not perfect but concentration will be 

longer in the right field 
§ Ideal solution: zero-order controlled → release isn’t time-dependent, 

mostly not achievable 

 
• Terminology 

o Mab = monoclonal antibody 
o Nib = inhibitor 
o Vir = antiviral 
o One = corticosteroid 
o Most important properties to distinguish: MW and class it belongs to 
o Order of magnitude: small molecule (435 Da), fusion protein (115 kDa), 

monoclonal antibody (114 kDa) 
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• Before encapsulation you need to understand the important properties of the drug to 
create the delivery system → hydrophobia, hydrophilia and polarity 

o Non-polar / hydrophobic: soluble in lipids, easy membrane crossing, poor 
bioavailability, positive partition coefficient → most drugs → need delivery 
systems to enhance bioavailability 

o Polar / hydrophilic: soluble in water, no unguided crossing, better 
bioavailability, negative partitition coefficient 

o Bioavailability: subcatergory of absorption, fraction of an administered drug 
that reaches the systemic circulation 

• Partition coefficient logP 

o LogP = log (./01#(	02	3)1*	3%$$0&4"3	%#	05(.#0&
./01#(	02	3)1*	3%$$0&4"3	%#	6.(")

) octanol = fatty alcohol 

o LogP = 1 means 10:1 ratio organic to aqueous compounds = hydrophobic 
o LogP = 0 means 1:1  
o LogP = -1 means 1:10 = hydrophilic 
o → measure of hydrophobicity of a certain drug 

• Drug encapsulation methods 
o Methods for fabrication of drug-releasing microspheres from polymers 
o Encapsulation methods depend on different factors: 

§ Polymer type 
§ Solubility and stability of molecule 

o Organic compounds used to dissolve polymer → affects activity of molecule 
o Biodegradable polymers for delivery of small molecules, biologics and mRNA 

• Hydrophobic small molecule → single emulsion of hydrophobic polymers 
o Use when the drug can be dissolved in organic solvent or is stable in crystalline 

form when dispersed in organic solvent 
o Water-Oil single emulsion method: organic solution is emulsified with a 

stabilizer (PVA) → prevents organic droplets from coalescing 
o Drug released all at once upon polymer degradation 

 
 

o Poly (vinyl alcohol) PVA: hydrophilic OH-groups → soluble in water 
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• Hydrophilic biologic drugs → double emulsion of hydrophobic polymers 
o Water-soluble molecules may become inactivated by direct exposure to 

solvent 
o More technically challenging, but diversifies the range of bioactive molecules 

in drug delivery system → use of PLGA 
o After putting the emulsion in the solution, the polymers will form 

microparticles → “water-oil-water” 

 
• Polylactic acid (PLA) and Polyglycolic acid (PGA) 

o Breakdown products are natural metabolites 
o Co-polymers yield range of useful properties 
o Safe (long experience with Vicryl sutures)  

• Block co-polymers of PLA and PGA = PLGA → good for hydrophobic drugs 
• Degradation of PLA/PGA/PLGA 

o Degradation by hydrolysis (PGA, PLA) or esterases/ carboxypeptidases (PGA)  
o Degradation products LA and GA enter the citrate acid cycle and become 

excreted through respiration (LA) or urine (GA) 
o Amorphous structures degrade much faster than 

crystalline because water infiltrates easier 
o Polydisperity: not uniform pore size → water penetrates 

sphere easier → degradation → not sustained drug release 
• Lupron depot 

o Slow release of Leuprorelin in PLGA particles 
§ GnRH analogue → ↓ testosterone and estrogen levels 

o Use: fibroids, endometriosis, prostate cancer, central precocious puberty 
o Mechanism of drug release: diffusion through and erosion of polymer 

 
• Poly (ethylene glycol) 

o MW: 44.05n + 18.02 g/mol  
o PEGylated drugs: hydrated tails → increased drug solubility, 

decreased immunogenicity, increased drug retention time 
(reduced renal excretion)  
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• Properties and applications  

Polymer Crystallinity Hydrophobicity Degradation rate Applications 

PGA Highly crystalline Hydrophilic 2-3 months 
Suture, soft anaplerosis 
(replenishment of TCA 

intermediates) 

PLA (L form) Semicrystalline More 
hydrophobic 

> 2 years 
Fracture fixation, ligament 

augmentation 

PLA (D, L form) Amorphous 12-16 months Drug delivery system 

PLGA amorphous Relatively 
hydrophobic 

1-6 months 
Suture, fracture fixation, 

oral implant, drug delivery 
microsphere 

 
• Hydrophobic drugs → micelles 

o Hydrophilic/Hydrophobic Block Co-polymer = amphiphilic polymer 
o Advantages: self-assembly → easy to manufacture 
o Disadvantages: unstable without crosslinking 

 
• DNA/mRNA → self-assembly of lipids 

o Drug is hydrophobic and polymer is hydrophilic/hydrophobic bloc co-polymer 
o Spontaneous organization of molecular units into well-defined dynamic 

structures → most often driven by non-covalent interactions 
• Lipid nanoparticles (LNP) 

o mRNA vaccine composition: mRNA, lipids, buffers (different salts) and cryo-
stabilizer (sucrose) 

o Requirements: dynamic stability and three types of lipids 
§ Ionizable lipids: bind to mRNA 
§ PEG-lipid: stabilizes LNP and prevents aggregation 
§ Cholesterol and helper lipids: structural support of LNP 
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Biocompatibility 
• Biomaterial challenges 

o Vascular devices clot blood 
o Implanted sensors encapsulate and fibrose 
o Implanted valves calcify 
o Intraocular lenses get infected 
o Soft tissue implants fibrose 
o Metal implants corrode, leach ions and particles and loosen 

• Race for the surface: 
o Coat non-adhesive surface (against bacterial adsorption) with specific ligands 

(RGD) that enable eukaryotic cells to adhere → surface already occupied → 
bacteria cannot adhere 

o Cell ingrowth should be prevented for temporal implants → used for 
permanent implants 

• Encapsulation of implanted materials 

 
o Neutrophils → secrete cytokines → attracts monocytes → differentiate into 

macrophages → secrete other factors which attract fibroblasts → collagen 
deposition and encapsulation 

o Frustrated phagocytosis leads to macrophage fusion and formation of foreign 
body giant cells 
 

Biocompatibility Testing Protocols (ISO) 
• Extract test 

o Standard conditions 
§ Extraction vehicle (6 cm2/ml): culture medium with serum, physiological 

buffer, pure water or dimethyl sulfoxide (DMSO) 0.5% 
§ Possible extraction conditions: 72h at 37 °C, 72h at 50 °C, 24h at 70 °C, 1h 

at 121°C → shorter time = higher temperature 
§ → expose cell culture to the test material/compound → leachable 

substances released from material → measure ability of colony formation 
after treatment (plating efficiency) 
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o Toxicity = 30% reduction in cell activity 

 
• Direct contact test 

o Material must cover 10% of area 
o Test material placed directly onto cells growing on culture medium → cells are 

then incubated 
o During incubation, leachable chemicals in the test material can diffuse into culture 

medium and contact the cell layer → remove after exposure time (24-72 h) → 
quantitative and qualitative assessment 

o Malformation, degeneration and lysis of cells around test material indicate 
reactivity of test sample 

 
• Indirect contact test: agar and filter diffusion test 

o Often used for high density materials  
o Thin layer of nutrient-supplemented agar is placed over cultured cells 
o Test material or an extract dried on filter paper is then placed on top of the agar 

layer → cells are incubated → effects on cells are qualitatively assessed after 2 h 
exposure time 

o Zone of malformed, degenerative or lysed cells under and around the test 
materials indicates cytotoxicity 



Seite 24 von 113 
 

 
• Limitations 

o Most striking limitation of all tests Is the short test period 
o 2h for filter diffusion, 24h to extract acute cytotoxicity, 24-72h for agar diffusion 
o Very limiting regarding the informative value and the kind of effects that can be 

assessed 
o Effects based on accumulation and delayed/progressive effects will not be 

detected 
o Second limitation is use of cell lines that may not be relevant for the proposed use 

of the biomaterial for example: 
§ 3T3: robust cell line (mouse fibroblasts) commonly used by industry 

 

Impulse Lecture: Bone Fixation 
• Terminology 

o Open vs closed fracture: skin integrity is disrupted and communicates with the 
fracture site vs. skin integrity is maintained 

o Simple vs. comminuted: two-part fracture vs. multiple bone fragments 
o Transverse: facture pattern perpendicular to long axis of the bone 
o Oblique: fracture pattern at oblique angle to long axis of the bone 
o Types of fractures: 

§ I physis (= growth plate) 
§ II metaphysis and physis 
§ III epiphysis and physis 
§ IV epiphysis to metaphysis 
§ V crush fracture 
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• ABC’s of X-rays:  
o Alignment: subluxation, dislocation, diastasis 

§ Displacement of joint surface: partial/complete/slightly moveable 
o Bones: opacity (bone density → ↓ lucency, ↑	sclerosis), contour, size, shape 

§ Lucent line → fracture 
§ Focal lucency → tumor, infection, simple bone cysts 
§ Diffuse lucency → tumor, endocrine/metabolic, drugs 

o Cartilage 
o Soft tissues: foreign bodies, subcutaneous or intraarticular air 

• Radiographic evidence of fracture healing → callus  
• Plate and screw vs. intramedullary nail fixation 

  
• Considerations for biomaterial-bone interface 

o Bone is living material 
o Bone adapts to the loads under which it is placed (Wolff’s Law) 

• Stress shielding 
o Removal of typical stress from the bone by an implant 
o Leads to a reduction of bone density 
o Wolff’s Law → use it or lose it 

• Total hip arthroplasties (THA) 
o Majority of joint replacements 
o Acetabulum and femoral head 

§ Acetabulum made from ilium, pubis and ischii 
o Hard metal or ceramic femoral head articulating against an 

UHMWPE acetabular cup → can be fixed with or without bone cement (PMMA) 
• Cemented Implants 

o Use bone cement to fill gaps between implant and bone → not in direct contact 
with bone 

o Cement = PMMA → not a glue = no adhesive bonding → just a filler material 
o Implant needs: axial/rotational stability, no sharp corners and non-cylindrical cross 

section on stems, smooth surfaces to prevent cement abrasion 
• Cement-less Implants 

o In direct contact with bone 
o Provides primary stability by mechanical locking → requires sufficient 

osseointegration (secondary stability) 
o Rough surfaces → more contact area, friction (for primary stability) and cell-

scaffold (bony ingrowth for secondary stability) 
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• Main cause of implant failure: polyethylene wear 
• Methods to remove free radicals in cross-linked PE:  

o Sub-melt annealing 
o Remelting 
o Vitamin E 

• Influence mechanical properties of implants: 
o Different design 
o Manufacturing process 
o Material choice 

• Problem of quality control with measurement during manufacturing: many 
parameters cannot be measured → work with validated processes 
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III. Tissue Engineering 
General Info 

• Organ transplants:  
o Kidney > liver > heart > lung > others (pancreas, small bowel, hand, face) 
o Shortage of available organs for transplantations → engineer organs 

• Three pillars: all three are needed → aim to mimic the dynamics of body environment 
o Cells: 

§ Tissue specific, primary cells, stem cells, genetically manipulated 
§ Autologous or allogenic 

o Matrix: 
§ Natural or synthetic 
§ Fibrous, foam, hydrogel, capsules 
§ Bioactive or bioinert, resorbable 

o In vitro culture:  
§ Bioreactor: static, stirred, dynamic flow conditions 
§ Biological signals: GF, proteins, mechanical & electrical signals 

 
• Classes of organs: 

o Flat tissue: cornea, skin, cartilage 
o Tubular: trachea, esophagus, blood vessels 
o Hollow, viscus: bladder 
o Solid: kidney, heart, liver, pancreas → most difficult: 

§ Cells need to be < 200	𝜇𝑚 away from the nearest capillary 

 
• Goal: construct living and functional components to regenerate malfunctioning tissues 
• Relevant polymers: PLGA, PEG, PVA, collagen, fibrin, hyaluronic acid, alginate 

o Degradable, hydrophilic, synthetic or natural 

increasing 
complexity 
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Tissue types 
• Connective:  

o Bone, cartilage, fat, fibrous tissue → mechanical support 
o Cells surrounded by fibrous tissue 
o All types consist of collagen fibers embedded in a 

polysaccharide gel 
o Supporting function because the main function of cells 

is to produce and secrete ECM 
• Epithelium:  

o Lines the inner and outer surfaces of the body → covering 
o Differ in shape, layers (single or multiple) and morphology 
o Function in secretion, absorption and excretion 
o Free apical surface: facing internal lumen or external surface 
o Cells rest on basement membrane → gives orientation 
o Tight junction between cells → no space between cells → barrier 
o Avascular → receive nutrients directly from tissue they surround (blood, GIT) 
o Secretory glands: contain epithelial cells and connective tissue 
o Tissue engineering of vasculature 

§ Healthy endothelial cells have intact adherence junctions between 
them and actin fibers clustered against their membranes  

§ When Notch1 activity is blocked, the cells’ junctions fail and actin 
clusters into stress fibers that are distributed throughout the cell  

• Muscle:  
o Produces mechanical force by contraction → moving 
o Hierarchic structure, tissue within a tissue (not pure muscle → 

nerves, vascular and connective tissue → maintain muscle tissue) 
o Many different cell types, ability of regeneration 
o Muscle engineering: need for alignment (PCL pillar) 

 
• Nervous:  

o Conducts electrical signals → communicating 
o Hierarchic structure, vasculature and connective tissue (endo-, perineurium) 
o Nerve tissue engineering: peripheral axons can regrow up to a distance of 3 cm 

§ > 3cm: incorporation of support cells, growth factor release, internal 
channels, porosity, internal matrix 
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Cell sources 
• Autogenic/autologous 

o Cells from patient 
o No immunological response 
o Scarce, expensive (manufacturing practice) 

• Syngenetic/Isograft 
o Cells between genetically identical individuals (rare!) 
o No rejection 

• Allogeneic 
o Cells from an unrelated human donor 
o Chance of rejection, transfer of human disease 
o Available from younger donors (higher regenerative potential) 

• Xenogeneic 
o Cells from a different species (pig) 
o Tissue to be decellularized, large chance of rejection 
o Transfer of animal disease to humans, unlimited supply 

• → mostly autologous and allogeneic cells used in human TE 
• Differentiated cell types (200+) 

o Connective, epithelial, neurons, muscle cells 
o Sensory cells: detect external stimuli (light, sounds, smells, tastes) 
o Blood cells (erythrocytes, leucocytes, lymphocytes) 

• Primary cells (differentiated) 
o Low proliferation potential 
o Tendency to de-differentiate 
o Donor-site morbidity: pain in the site of biopsy 

• Stem cells (non-differentiated) 
o Adult, embryonic, induced pluripotent (iPS) 
o Can divide indefinitely 
o Scarce, ethical issues 
o Problematic if they get into off-target tissue 

• Induced pluripotent stem cells 
o Autologous 
o Requires genetic manipulation 
o New technology 
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Scaffolds 
• Network of large interconnective pores (100 𝜇𝑚) 

o Allows cells to migrate through the scaffold 
o Allows diffusion of nutrients 
o Allows growth of new blood vessels (angiogenesis) 

• Criteria: mechanical stability (100 MPa), biocompatibility, degradability, connectivity 
• Commonly used degradable scaffolds 

o Natural based polymers: collagen, fibrin, alginate, hyaluronic acid 
o Synthetic polymers: PGA, PLA, PLGA, PCL = poly (caprolactone) 

 
§ Degradable via hydrolysis of ester bond 

o Cells don’t know how to interact with synthetic polymers → motives needed 
• Resorbable scaffolds 

o Scaffold is eventually 100% dissolved 
o Dissolution products are safely metabolized 
o Degradation of scaffolds matches rates of growth 
o Hydration → degradation → mass loss → resorption → metabolization 
o Static culture: cells need time to attach → start to divide → dynamic culture 

 
• Scaffold architecture affects cell binding and spreading 

o If pores are very large, the cell will think that it is in 2D and not in 3D  
o Cells should have signals from all three directions and not artificially polarized 
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Scaffold production methods 
• Porogen leaching method: pore size > 13	𝜇𝑚 

o Assumes that you take particles that are not resorbable 
in your polymer, they will be leached out in later stage 

o Common porogen that is used are (salt) crystals 
o Dissolve in organic solvent (won’t dissolve) 
o Put in mold, (remove solvent), polymerize the polymer 
o Wash out the salt and you will obtain a spongy scaffold 
o Pore size determined by size of porogen (size of salt crystal) 
o Pores can be connected when salt content is high 

§ Hard to control connectivity of the pores → needed for cell migration  
• Reverse opal method 

o Allows to create a perfect scaffold with precise pore size 
o Generate gelatin microspheres with exact size (low dispersity = pores similar) 
o Gelatin can melt, here you heat them so that they fuse together but not melt 

completely (so you can determine contact point) 
o Backfill void space with polymer solution (PLGA scaffold) 
o The gelatin will then be melted away, and only the scaffold will remain 
o Template: gelatin microspheres in methanol, fusion at 60-100 oC, removal 

after 1h at 43 oC in water 
o Pore size determined by diameter of microgel (gelatin sphere) 
o Pores connected by annealing the microgels together (temperature if gelatin) 

 
• Cryogelation: pore size > 50-200	𝜇𝑚 

o Crosslink the polymer solution of alginate using an initiator 
o A scaffold without porosity will be formed 
o Freeze it, ice crystals will be formed (in this process you separate water from 

the alginate, what causes a local increase of the concentration of the polymer) 
o Local concentration increase causes a more robust scaffold 
o Bring it to room temperature, ice will meld, spongy- structure will remain 
o Pore size determined by size of ice crystals, generally connected pores 
o Cryogel sponges are highly compressible with shape memory properties 

§ Equilibrium swollen gel → cryogel compressed between fingers → 
remove force → sponge-like appearance → immersion in phosphate-
buffered saline → re-swollen cryogel 
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• Electrospinning for natural polymers (collage, fibrin, silk) 
o Produces a fibrous like structure with resembles the nature collagen matrix 
o Polymer (PLGA) is dissolved in a solvent and extruded on high voltage 
o Electrostatic repulsion stretches the droplet which extends to a fiber 
o Fibers are collected on a grounded collector or spinning collector for vessels 

and tubular organs 
o Parameters that control fiber thickness: voltage, distance, speed of rotation, 

solution (σ: conductivity, η = viscosity, and α =relative volatility), φ = humidity  
o Cryo-Electrospinning 

§ Allows to create a scaffold that is less dense 
§ You spin in the presence of dry ice 
§ While you spin ice crystals will be formed, which force scaffold porosity 

 
• Tissue engineered scaffold strategies 

o A) Cell-matrix mimics: synthetic hydrogels of polymers can be modified with 
peptides or proteins (GF) and cell-sensitive degradable crosslinks that mimic 
many properties of the native tissue ECM 

o B) Cells often live in communities: useful to mimic cells by attaching surface 
proteins to a hydrogel 

o C) Mechanical properties of hydrogels can be controlled by varying crosslinking 
density or using chemistries that change the mechanical properties 
independently of ligand presentation; by metal ligand chemistry from mussel 
or by varying the ionic crosslinking density in alginate hydrogels derived from 
seaweed 
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Hydrogels 
• Definition: hydrated environment, which contains many of the signals a cell needs  

o Mimics ECM better than PLA 
• Signals: cell-cell contact, cell-adhesive matrix ligands, matric mechanics, heterologous 

cell interactions, matrix degeneration, cell-secreted factors, micro- and nanostructure 
• Cell-environment interactions 

 
Modify interactions with environment 

• Cell-cell adhesions: cadherins 
o Ca2+ dependent receptor that interacts with same receptor on another cell  
o In the presence of Ca, dimers of cadherin form and bind with dimer of another 

cell, when calcium is removed, the connection breaks  
o Used in TE because often you have not enough available cells, and cells behave 

different if they are alone or amongst other cells → you can trick cells by 
inserting HAV peptides into the scaffold, which mimic cadherins  

 
• Cell-matrix adhesion: integrins direct cell attachment to the ECM 

o GFOGER: collagen mimetic peptide, can functionalize a PEG hydrogel 
o Cells can’t interact with unmodified PEG hydrogel normally → presence of 

GFOGER peptide allows cells to spread and proliferate  
• Soluble Growth Factor (GF) Signaling 

o Create a hydrogel full of GF needed for regeneration 
o Common GF’s (autocrine/paracrine): VEGF, BMP, IGF, EGF, FGF, PDGF, TGF-β 
o Methods to entrap GF: 

§ Physical encapsulation  
• Physical entanglement of large molecules (e.g. ECM proteins)  
• Rapid release of small molecules  

§ Hydrogel beads or polymer microspheres  
• Retention of encapsulated signaling molecules  

§ Chemical cross-linking  
§ Affinity mediated by heparin / its mimetic (kon, koff)  

o Enhancement of cartilage proteins with GF’s: add TGF-β microparticles 
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Impulse Lecture: Cultivated Meat 
• What is cultured meat?  

o Cultured meat is meat produced by in vitro cell culture of animal cells, instead 
of from slaughtered animals. It is a form of cellular agriculture. Cultured meat 
is produced using many of the same tissue engineering techniques traditionally 
used in regenerative medicine.  

o Used name: cultured meat, lab-grown meat, synthetic/artificial meat, in vitro 
meat, clean meat… 

• Why? → current meat production is NOT sustainable 
o Evolving antibiotic resistance 
o 60% of all human diseases originate in animals (WHO)  
o Animals take up lot of space (deforestation and destruction of ecosystems) 
o Reduce green-house gases (global warming), water usage and animal cruelty 

• How it works:  
1. Small biopsy is taken from the animal  
2. Muscle stem cells are extracted from the animal tissue  
3. The muscle stem cells are cultivated in a bioreactor, where they are 

differentiated into mature muscle cells and multiplied to commercial 
quantities  

4. The muscle cells are removed from the bioreactor and grown on scaffolds 
under tension, to form strips of muscle coiled muscle fibers  

5. The newly grown muscle fibers are ground up and combined with plant-based 
ingredients such as flavoring, coloring and vitamins to created minced meat  

• Criteria: nutritional value, taste, sustainability, animal welfare 
• Challenges: cost, media, technology, regulation, socio-political, consumer acceptance  

 

Cartilage Engineering 
• Cartilage:  

o Flat organ, only one cell type, lines joints and provides low friction surface 
o 5-10 % chondrocytes, 20 % ECM (collagen II, aggrecan), 70 % water 
o Thickness 3mm, low cell density (106 cells/ml) 
o No blood supply → low oxygen tension, poor healing 
o Disease progression: cartilage injury → OA → joint arthroplasty 

§ Knee and OA outcome score (KOOS) 
§ Injury mechanism: mechanical (high impact load), inflammatory 

• Mosaicplasty: adult autologous chondrocytes 
o Multiple osteochondral cartilage-cylinders are extracted from a non-bearing 

part of the joint and are used to fill up the lesion (like a mosaic) 
o Allows early weightbearing, but causes “donor site morbidity” 
o Advantage: autologous, cartilage is already mature 
o Disadvantage: every cylinder a lesion itself, only a limited # can be extracted!  
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• Microfracture: autologous MSC 
1. Debrisment of lesion, scrape away calcified cartilage layer  
2. Poke holes into the subchondral bone  
3. Close the lesion with a clot in the hope that stem cells will travel up from the 

bone and cultivate it to grow back cartilage  
o Advantage: autologous, easy, cheap → very common treatment 
o Disadvantage: 50-80% failure rate, scarring = fibrous tissue formation 

(formation of non-hyaline cartilage)  

 
• Matrix-Assisted Autologous Chondrocyte Implantation (MACI) 

1. Cell isolation: biopsy is taken from a non-bearing part of the patients joint  
2. Piece of cartilage is sent to a lab  
3. Incubation with enzymes that break up the ECM  
4. Expansion of the chondrocytes in a monolayer culture (approx. 12 x 106 cells) 
5. Cells are seeded onto a 3D scaffold (ACI: without scaffold matrix)  
6. Engineered implant is sent back to the surgeon  
7. Surgery with debridement of the injured cartilage followed by implantation of 

the scaffold (minimal invasive), glued on with fibrin glue 
o Advantage: autologous 
o Disadvantage: risk of dedifferentiation, many steps, multiple surgeries, long 

procedure → expensive!  

 
• Novocart 3D: autologous differentiated chondrocytes, collagen scaffold (tangential 

and radial orientation) 
• Development of ACI method 

 
• Favorite therapies: chondrogenic, juvenile, autologous 

o (M)ACI and mosaicplasty better than microfractures 
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Skin Engineering 
• Most advanced because research started earlier 
• Skin cells are easier to grow and to apply (less invasive) 
• Main clinical reason: burns 

o Baux Score to predict mortality of burn patients 
o Depends on age, total body surface area and type of injury (inhalation or not) 

• Mechanism: remove piece of skin from patient → enzymatically separate dermis from 
epidermis → grow fibroblasts, keratinocytes, endothelial cells, melanocytes in culture 
media → cells applied to a gel-like fiber structure → incubate 

• Importance of different cells 
o Endothelial cells: important for host vasculature to connect to human graft 
o Inosculation: “take” of graft depends on how efficiently the host vessels 

connect with donor vessels 
o Melanocytes: skin graft assumes pigment of donor 

• Difficulties: 
o Fibroblasts belong to connective while keratinocytes to epithelial tissue → 

difficult to mix 
o Matrix is seeded with fibroblasts to form the dermal layer and then 

keratinocytes are sprayed on top where they can form the tight junction 
(barrier function) 
 

Pancreas Engineering 
• Function, anatomy and disease 

o T1D: autoimmune → absolute insulin insufficiency → hyperglycemia 
o T2D: insulin resistance → relative insulin insufficiency → hyperglycemia 

 
• Bioartificial pancreas – “implantable device” 

o Replacement of non-functional islets of Langerhans 
o Donor islets embedded in a sheet to prevent host rejection 
o Islets can sense glucose and secrete insulin 
o Thin sheets allow oxygen (and glucose) diffusion to maintain cell viability 
o Commercial options: pancreatic precursor cells = PEC-01 

§ PTFE pouch with inner cell impermeable membrane (0.4 um) and outer 
membrane for tissue engraftment (5 um) 



Seite 37 von 113 
 

 
• Alginate is used to protect (encapsulate) islets 

o No enzymes to break down alginate → more stable, biocompatible 
o Crosslinking In presence of Ca ions 

§ Other ions: same column in PSE (strontium, barium, magnesium) → 
form divalent cations in solutions, heavier elements form stronger gels 

o Reversible crosslinking: remove Ca ions using chelator → gel turns liquid again 
§ Not good in vivo: donor cells exposed to the immune cells of the host 

• Encapsulate using barium → much stronger and more stable 
§ In vitro: ability to take cells easily out for analysis 

o Gelation methods: to encapsulate beta islets in microcapsules 
§ Use sheets instead → can be easily removed and replaced in one step 
§ Sheet formation: slowly release Ca ions → liquid enough to flow and fill 

the bottom of the plate before crosslinking  
• CaCO3-GDL: time controlled, homogenous structure 

§ Less easy option: inject alginate into a mold (made of Ca permeable 
material) → put whole mold into Ca chloride bath → liquid becomes 
solid in the shape of the mold 

• CaCl2: fast, uncontrolled, anisotropy 

 
 

• TE stakeholder needs 
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Kidney Engineering (extracorporeal) 
• Functions 

o Filter waste (urea, creatine) 
o Reabsorption of water, glucose, electrolytes 
o Regulate sodium, potassium, phosphorus 
o Sets pH of blood 
o Removes drugs 
o Releases hormones: EPO, blood pressure/water retention, calcitriol (active 

vitamin D) 
• Fluid and components 

o 1730 l blood through renal arteries → 1.5 l water through ureters 
o 0.16 % Na+, 0.08 % K+, 11% urea 

• Nephron filtration 
o Size selective ultrafiltration in glomerulus: everything but cells and plasma 

proteins get filtered out  
o Reabsorption using active transport in renal tubules: glucose, hormones, 

amino acids, vitamins, salts can be reabsorbed 
o Water is reabsorbed by osmosis  

 
• Renal disease 

o Long term high blood pressure and diabetes damages nephrons 
o Low life expectance on dialysis 

• Artificial kidney – hemodialysis: 
o Hollow-fiber design using counterflow current 
o Membrane properties: selective separation, rapid diffusion of waste 

molecules, biocompatible, low clotting, low cost, reproducible operation 
o Goal: reduce urea concentration in blood (CB,in to lower value CB,out) 
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• Bioartificial kidney – renal assist device (RAD): 
o Renal epithelial cells line hollow fibers in device 
o Advantages: reabsorption of water and glucose, production of hormones, 

foreign cells outside of body 
o Disadvantages: cells live only few weeks, clotting issues (heparin) 
o Clinical results: absolute reduction in mortality compared to current renal 

replacement therapy (CRRT) 
o Implantable renal assist device (iRAD) 

 
 

• Extrusion bioprinting to study kidney function  
o Proximal tubule epithelial cells printed in close proximity of glomerular 

microvascular endothelial cells as an in vitro model of renal reabsorption  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Seite 40 von 113 
 

Impulse Lecture: Biocompatibility testing according to ISO 10993 
• New medical device: safety of the patient is highest priority 
• Legal requirement: provide extensive documentation to prove safety 
• ISO 10993: more specific guidance for biological evaluation 

o Framework for biological evaluation of medical devices 
o Globally applicable, but not a law → recommendation! 
o Guidance documents and test protocols 

• Multidisciplinary process: engineers (2), toxicologists (3,4), biologists (4) 
• Focus on: economic use of existing data (equivalent devices, literature), animal 

welfare, patient safety 
1. Describe, characterize, categorize the device 

o Document: device configuration (size, geometry, surface), materials, additives 
(contaminants, residues), packaging, degradation products 

o Use available information: material specifications, physicochemical 
characterization, history of safe clinical use of equivalent product 

o Tests to determine: degradation (aging, sterilization), resorption and 
dissolution products 

o Characterization by nature of body contact 
§ Non-contacting: in-vitro diagnostics, blood collection tube 
§ Surface contacting: skin (electrodes), mucosae (lenses), 

breached/compromised surfaces (wound dressings) 
§ Externally communicating: blood (catheters), tissue (dental filling) 
§ Implant: tissue (pacemaker), blood (valves, stents) 

o Characterization by duration of contact 
§ Limited exposure: <24 h, blood administration sets / solutions 
§ Prolonged exposure: 24h to 30d, wound dressing, catheters 
§ Long-term exposure: > 30d, implants, pacemakers, lenses 

o Biological endpoints: physicochemical, cytotoxicity, sensitization, irritation, 
pyrogenicity, toxicity, hemocompatibility, degradation, carcinogenicity etc. 

2. Check for equivalent products 
3. Check for toxicological data in literature 

o Systematic literature search, toxicological databases, materials data sheets 
4. Perform biological testing 

o In vitro and in vivo testing 
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Paper “Engineered nasal cartilage for the repair of osteoarthritic knee cartilage defects” 
Introduction – Osteoarthritis  

• Consequences: painful, reduced mobility and quality of life 
• Epidemiology: high prevalence, typically diagnosed in elderly, younger also affected 
• Causes: genetic predisposition, joint injuries, overload/malalignment/obesity → mechanical stress  
• No disease-modifying or regenerative treatments → anti-inflammatory drugs reducing pain and 

stiffness → delay end-stage joint replacement by a prosthesis → limited durability 
• Pathogenesis: enhanced cartilage catabolism and inflammation → changed articular cartilage 

structure and cartilage-bone interface → cartilage degradation → joint degeneration 
o IL1b, IL6, IL8, TNFa → production of matrix-degrading enzymes (ADAMTS, MMP3/13) 

• Resident cells of cartilage, synovial membrane and subchondral bone produce inflammatory and 
catabolic factors → not suitable for regenerative cell-based treatments (MACI) 

• Nasal chondrocytes (NC) 
o Harvested with minimal morbidity from a generally healthy compartment even in OA 
o Higher and more reproducible proliferation  
o Neural crest derivatives → molecular adaptation to heterotopic environments → 

contribution to articular cartilage (AC) repair 
o Used to make nasal tissue engineered chondrocyte grafts (N-TEC)  
o Autologous → no rejection! 

Results and Discussion 
• Transcriptional profiling 

o Different gene expression in NC and AC (different embryonic origins) 
o Wnt and BMP signaling pathways → master regulators of cartilage and bone 
o Wnt higher expressed in AC (→ Wisp-1 → MMP and aggrecanase expression → 

dedifferentiation of chondrocytes into cells with more bone-like phenotype) 
o Sfrp1 (Wnt inhibitor) higher expressed in NC 
o Inflammasome-related: mostly downregulated (proinflammatory) and few upregulated 

(anti- and proinflammatory) in NC → differential interaction with inflammation in OA 
• Exposure of N-TEC to OA-like conditions in vitro 

o No difference between N-TEC and A-TEC in gene expression of chondrocyte differentiation 
markers (Sox) and GAG quantification when exposed to inflammatory conditions 

o Superior quality of N-TEC and better resistance to inflammatory settings (GAG and 
collagen II measured) 

o N-TEC maintains cartilaginous properties in response to prolonged inflammatory 
conditions (despite reduction in cartilage matrix quality), while the secretomic profiles are 
similarly affected (exception CCL5 increased in A-TEC) 

o N-TEC enhance biosynthetic activity of anabolic genes (TGF/BMP and IGF/insulin) → 
antagonizes inflammation-induced cartilage matrix loss 

o Sfrp1 inhibitor → Wnt and MMP13 upregulation → decreased capacity to preserve the 
quality of produced cartilage in inflammatory and normal conditions 

o Exogenous Sfrp1 as potential therapy? 
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• Modulatory effect of N-TEC-secreted factors on OA cells 
o N-TEC reduced MMP13, ADAMTS5, IL6, IL8 and TNFa expression and secretion in AC and 

synoviocytes (although effect is target specific → depends on cell type) 
o Sfrp1 addition to synoviocytes reduced secretion of inflammatory factor RANTES/CLL5 
o Sfrp1 inhibitor increased inflammatory features of synoviocytes (IL8)  
o → factors secreted by cells in the N-TEC can reduce inflammatory conditions of OA joint 

possibly through downregulation of Wnt singling 
• Implantation of N-TEC into OA tissues 

 
o Stability and integration with the surrounding cartilage and bone is critical for sustained 

function and normal load distribution 
o Factors released by subchondral bone/osteoblasts in OA can lead to cartilage phenotypic 

changes and degradation 
o Ectopic mice implantation: NC participated in the integration process with the underlying 

bone while maturing into avascular and phenotypically stable cartilaginous tissue 
o Ectopic OA mice implantation: N-TEC integrated with native cartilage and subchondral 

bone and participated in tissue maintenance 
o Load-bearing OA sheep implantation: no further degeneration, no signs of inflammation 

(decreased IL8 and TNFa) and decreased synovial fluid volume (healthy) 
o Humans: two young patients with OA considered for prosthetic joint replacement 

§ Treated with autologous N-TEC manufactured under GMP conditions 
§ Combined with high tibial osteotomy as a protection from abnormal mechanical 

loading due to varus malalignment (likely cause of OA) 
§ No adverse reactions, formation of homogenous repair tissue filling the defect 
§ Increased joint space width and pain reduction 

Conclusion 
• Cartilage tissues engineered by adult NC better maintained their cartilaginous properties as 

compared to AC-derived tissues after in vitro exposure to inflammatory challenges 
• Their secretome reduced the inflammatory profile of osteoarthritic cells 
• In ectopic and orthotopic in vivo models, N-TEC efficiently integrated with the adjacent native 

osteoarthritic tissues, and the implanted cells persisted 
• Pilot clinical treatment using N-TEC in two patients with knee OA provides early evidence of 

satisfactory outcome, beyond safety 
Limitations 

• Animal ≠ Human: different quality of repaired tissue and different biomechanics 
• Only 2 (young) patients in clinical trial: coincidence? Applicable to general population? 
• Further studies needed! 
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IV. Additive Manufacturing (3D Printing) 
Technologies for metals 

• Definition: layer-by-layer process in which a component is built up based on a digital 
3D design data by depositing material → material is only created during the process 

• First digital than physical: 3D model created on computer, transferred to a software 
and cut in slices → used to control the machine 

 
• Additive and subtractive (“conventional”) manufacturing 

o Subtractive: begins with a certain amount of material and carves out the 
desired shape → large amounts of waste 

o Additive: only uses the material needed (only waste is dust) 

 
 

• Vision: the digital spare parts warehouse 
• Metals: not 3D printers but full-sized machine tools used 

o Advantages: patient specific, personalized implants, intricate geometries 
possible, lighter weight, porous structures for better integration  

o Disadvantage: slow manufacturing 
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• Laser powder bed fusion (L-PBF) = selective laser melting (SLM) 
o Mechanism: melts thin powder selectively welding particles together 

§ Powder reservoir deposited on a 
built plate 

§ Material is consolidated using fast 
scanning lasers (high temperature) 

§ After one layer is consolidated, it is 
put down a little bit and new powder 
is deposited on the built plate 

o Technical details:  
§ Part sizes (mm3): 50x50x50 bis 800x400x500  
§ Precision: 

• xy (Ø laser beam): 50 – 180 μm 
• z (powder layer thickness): 20 – 100 μm  

§ Scan velocities: up to 15 m/s 
§ Process temperatures: RT – 500 °C 
§ Laser power: 20 – 1000 W @ 1060-1070nm 
§ Process atmospheres: N2/Ar (laminar flow)  

o Advantages: comparably high precision, high large selection, process 
interrupt/re-start possible, printing of intricate geometries possible, 
comparably low investment, varied material selection 

o Disadvantages: relatively slow process, residual thermal stresses, support 
structures for angles < 45o required, usually pronounced post-processing 
required (removal supports, heat treatments etc.) 

o Application: tailored implants 
• Electron beam melting (EBM) 

o Mechanism:  
§ Similar to laser melting: electron beam instead of a laser 
§ Metal powder layer distributed onto a build 

platform → melted by the electron beam 
§ Build platform is then lowered and the next 

layer of metal powder will 
be coated on top 

§ One laser beam going back and forth 
§ Powder must be pre-consolidated → prevents 

it from flying away (charged) 
o Technical details: 

§ Part sizes (mm3): up to 200x200x200 or Ø300x300  
§ Precision: 

• xy (Ø electron beam): 100-400 μm 
• z (powder layer thickness): 50 – 200 μm  

§ Scan velocity: up to 20 m/s 
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§ Processing temperatures: 500 – 1000 °C 
§ Power: 5-30 mA @ 60 kV 
§ Processing atmosphere: vacuum  

o Advantages: fast, low degree of impurities and thermal stresses (vacuum), 
relatively high precision 

o Disadvantages: extensive pre-/post-treatment, limited materials selection and 
size of build chamber, little competition on the machine market → expensive 

o Applications: non biomedical applications, prototypes, support parts (fixture, 
helps), rough surface 

• 3D binder jetting 
o Mechanism: 

§ Distribute a layer of powder onto a build platform 
§ Liquid bonding agent applied through inkjet print heads → bonds the 

particles together 
§ Build platform powdered and the next layer 

of powder laid out on top 
§ 2 reservoirs: material (metallic powder) and 

binding agent (Stützmaterial) → mixed by 
squeezing the material through nozzels 

§ Afterward get rid of the binding agent 
§ Metal powder encapsulated in a polymer 

binding which must be melted 
o Technical details: 

§ Part sizes (mm3): 300 x 185 x 200  
§ Precision: 

• xy (Ø printer nozzles): 100-200 μm  
• z (powder layer): 15 μm  

§ Processing temperatures:  
• Jetting: RT  
• De-binder/sintering: 500-1300 °C  

§ Processing atmospheres:  
• Jetting: Air 
• De-binder/sintering: Ar/N2/Vacuum  

o Advantages: rather low investment, large selection of materials, relatively high 
precision, good surface qualities, fast 

o Disadvantages: material incorporated as particles in a paste or ink (chemistry), 
printing, de-bindering and consolidation in different steps (remove polymer → 
slow), pronounced shrinkage after consolidation → difficult to control in 
complex 3D parts 

o Applications: prototypes, casting patterns, molds and cores 
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• Economical aspects: AM won’t replace conventional manufacturing for “simple” things 
o Complex geometries – “complexity for free”  
o Low parts numbers – “individualization for free” 
o → constant costs with increasing complexity and low number of parts 
o Lower energy consumption and CO2 emissions 

 
Materials for biomedical applications 

• Demands for powder 
o Good flowability, no agglomeration (= does not stick together) → homogenous 
o High density → no pores or gas layers 
o High permeability: gas must be able to escape from the cavities in-between 

powder particles → avoids dangerous reactions/wear 
o Not oxidized (can be highly reactive), low humidity (no extinction with water) 
o Spherical 
o Size distribution:  

§ SLM: 15 μm < d < 50 μm 
§ EBM: 40 μm < d < 150 μm 
§ Shallow distribution → addition of finer powder fraction for filing gaps 

• Gas atomization → how to make a metal powder for AM 
o Alloy is molten in a crucible 
o Atomization with inert gases (Ar, N2) under high pressure 
o Solidification during flight in vessel (rapid heat dissipation) 
o Particle geometry, microstructure and composition determined by process gas 
o Spherical particles, relatively broad particle size distribution 
o → mold material is squeezed with high pressure through nozzles → metallic 

droplets come out and solidify during the flight 
• EIGA/PIGA 

o EIGA = electrode induction melting gas atomization 
o PIGA = plasma melting induction-guiding gas atomization 
o Contact-free melting of a sharpened rod using a plasma or an induction coil 
o Suitable for producing powder from reactive metals such as Ti 
o Spherical powders with very low amounts of impurities (no reaction with 

crucible) 
o → container free metal melting: use titanium wire, 2 plasma torches from the 

side, melt the tip of the wire (for PIGA), use an induction coil instead of 
titanium (EIGA) → droplets solidify during the flight 
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• High energy ball milling (HEBM) 
o Mechanical alloying (crushing) from elemental powders and 

milling in a planetary mill → breaking and welding phase 
o Particle size is a function of milling time (up to 24h) → very fine 

powders (<1μm) possible 
o Powder morphology influenced by use of additives 
o Suitable for producing powders from hard and brittle materials, 

composites 
o → mechanical method: put junks of the material (also more element at the 

same time) into a rotating drum, which contains steel and ceramic balls → 
rotate for 15min → material crushed by rotation = mechanical milling (mahlen) 

• Factors influencing powder flowability (= capacity to move by flow) 
o Particle morphology (spherical, angular, or edged) 
o Particle size distribution 
o Roughness/surface topography 
o Short-range attracting forces (VdW) 
o Chemical composition (surface oxides) 

• Safety aspects 
o Powder has a very high surface in comparison with the bulk material 

§ Example: 1kg Ti Apowder 68 x higher than Asphere  
o Powders from reactive materials such as Ti can start burning even at relatively 

low heat inputs 
§ Temperatures can reach very high values (> 2000 oC) 
§ Extinction with water not possible (decomposition into H2 and O2) 

 
 

Properties of metallic parts and typical processing defects 
• Metals used for biomedical applications 

o Austenitic stainless steel (Iron alloys) → hip joint, surgical tools, screws 
§ 316L (X2 CrNiMo 17 13 2, 1.4404)  
§ Chromium → nm-thick oxide protectitive layer from corrosion 

o Cobalt alloys → artificial valve, plates, bolts, crowns, knee and hip joint 
§ CoCr28Mo5C0.25 (Stellite21)  
§ CoCr29W9Si1.5 (Dentaurum)  

o Titanium alloys: very reactive → hardly any pure Ti 
§ cp-Ti grade 2 (α-type) → screw and abutment 
§ Ti-6Al-4V (ELI) (α+β-type) → artificial valve, stent, bone fixation 
§ Ti-6Al-7Nb (α+β-type) → crowns, knee and hip joint 
§ Ti-24Nb-4Zr-8Sn (β-type) → crown, bridges, dentures, implants 

o NiTi shape memory alloy → catheters, stents 
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• Additive manufacturing of titanium alloys 

o Allotropy of titan 
§ = crystal structure changes when the material is heated above or 

cooled below a critical temperature 
§ Pure titanium metal undergoes an allotropic transformation that 

changes the crystal structure from the α- to β-phase at about 885 °C 

 
o Properties: 

§ High affinity towards oxygen and nitrogen 
§ Room temperature: formation of a thin but stable oxide layer (4-7 nm) 

→ responsible for excellent corrosion resistance 
§ Oxide layer grows at elevated temperatures (> 300 oC) 
§ Very high temperature and melting → penetration of oxygen (and 

nitrogen) into the matrix and significant alteration of material 
properties (embrittlement) 

§ → Processing in vacuum (EBM) or high purity shielding gas (Ar, He; 
SLM/LMD) necessary! 

• Commercial AM parts for biomedical applications 
o Titanium: lumbar interbody system, cranio-facial implants, personalized hip 

implant 
o CoCrMo: dental – three-unit bridge, femoral knee components and tibia trays 
o Support structures 

§ Between SLM part and build plate 
§ Tasks: simple removal of parts from build plate, support for overhangs 

< 45o, stabilization of part against warpage, heat conduction into build 
plate (heat generated from laser away from the part) 

§ Removal requires a lot of post-processing 
• Parameters influencing part quality: 
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• Surface properties 
o Usually pronounced surface roughness → determined by powder particle size 

§ EBM: Ra approx. 20-30 μm 
§ SLM: Ra approx. 5-15 μm 

o Optimization of surface quality by using different build parameters for 
contour and core 

o Post-treatment (milling, grinding) possibly required, depending on 
application 

• Warpage / Thermal cracks 
o Heated material expands, cooled material contracts  
o Expansion only in locally heated parts  
o Cooling down melted objects cause contraction → thermal stresses 

• Powder porosity 
o During powder atomization gas can be entrapped in the powder particles and 

form pores → can’t be removed during melting and solidification (viscosity of 
the melt, short consolidation time) 

• Incomplete powder melting of individual powder particles 
o Insufficient energy density or too small hatch distance 

• “Keyhole” porosity 
o Metal evaporation at too high energy densities 
o Formation of narrow vapor channel in the center of the laser spot through 

which the laser can penetrate deeply into the material 
o Pore formation if the cavity can’t be refilled quickly enough 

• Thermal post-treatment 
o AM parts generally heat treated 
o Thermal residual stresses are relieved by heat treatments at low 

temperatures (200-400 oC) 
o Grain microstructure is adjusted by heat treatments at high 

temperatures (900-1100 oC) 
o Thermal treatments affect the mechanical properties 
o Critical parts undergo a hot isostatic pressing (HIP) process 

§ Gas filled vessel heated to high temperatures 
§ By adjusting the temperature, pressure and time internal 

porosity can be widely eliminated (pV = RT) 
• Mechanical properties – orientation dependance of strength and ductility 

o SLM processed TiAl6V4 (6% Al, 4% V) samples 
o Heat is always flowing down → directionality of microstructure 
o Tensile strength and ductility vary depending on the sample orientation → 

needs to be considered during design 
 



Seite 50 von 113 
 

V. Bioprinting 
Methods 

• Definition: use of 3D printing technology with materials that incorporate viable living 
cells to produce tissue (for reconstructive surgery, TE, regenerative medicine etc.) 

• Goal: create a scaffold more similar to the native tissue 
• 3D printing modalities 

o Fused deposition modelling: cheap, adds plastic layer by layer (extrusion), no 
need for support structure because transition phase from liquid to solid is 
really fast (see 3D binder jetting) 

o Powdered printing: polymer powder added layer by layer, either you sinter 
(heating under high pressure, temperature lower than melting point) the layer 
or you add a binder (see L-PBF/SLM) 

o Deposition based: scaffold-free, extrusion, droplet 
o Stereolithography based: projection or two-photon, pull structure out of bed 

of liquid polymer 
• Bio-ink: combination of biopolymer and cells 
• Overview bioprinting 

 

 
 Scaffold-free Extrusion Projection Volumetric 

Time to print 1 cm3 min-h min-h h s 
Feature size 200-500 𝜇𝑚 100-600 𝜇𝑚 25-150 𝜇𝑚 80 𝜇𝑚 

Multi-material +++ +++ + + 
Viscosity - 10’000 Pa*s 0.01-5 Pa*s > 10 Pa*s 

Dimensionality 0D 0D 2D 3D 
 

• Scaffold-free bioprinting 
o Kenzan method:  

1. Spheroid preparation 
2. 3D design 
3. 3D bioprinting on a needle array 
4. Maturation and decannulation 

o No biomaterial only cells → good viability due to close contact 
o Only few cells die from needles 
o Tissue formation takes time → only then you can remove the needles 
o No bioink → shear thinning/thickening/recovery not important  
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• Extrusion bioprinting 
o Testing bioink printability: rheometer 

§ Look how bioink interacts with itself when multiple layers are printed 
§ Print across pillar arrays → measure spread (tension, viscosity, density) 

o Add cellulose to alginate → larger distance between pillars = better bioink 
o Shear thickening materials act like solids at high shear rates (not wanted!) 
o Shear thinning materials become less viscous at high shear rates (but high 

viscosity at no shear is also needed!) 
o Shear recovery: storage module 

• Droplet bioprinting 
o Different types: thermal, piezoelectric (upon voltage), microvalve (current)  
o Possible to have multiple types of droplets → multicellular approach 
o Lower cell density than extrusion method but much faster 
o Example: alginate inkjet bioprinting into CaCl2 solution 
o Mechanism 

§ Deposit bioink droplets → merge into lines and crosslink → repeat 
§ Different crosslinking methods 

 
• Stereolithography 

o Biomaterial requirements: transparent, polymerization triggered by light 
o Based on liquid polymer precursors which are crosslinked by light 

§ 1st layer exposure 20-60s, normal exposure 5-15s 
o Mechanism:  

§ UV laser beam scans resin surface → selectively hardens the material 
corresponding to cross-section → building 3D structure bottom to top  

§ Required supports for overhangs and cavities are automatically 
generated (later manually removed) 

§ Recoating: platform is lifted → new bioink flows beneath structure 

 
o Two-Photon 

§ Highest resolution achievable by laser stereolithography 
§ One-photon excitation and two-photon excitation 
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Solid organs – scaffold-free bioprinting 
• Example: thyroid 
• Fabrication using thyroid and endothelial organoids → fuse together (PECAM, E-

Cadherin as markers) 
• Bioprinted thyroid restores function (T4 and body temperature) 

 

Flat organs – extrusion bioprinting 
• Example: cartilage 
• Bioink composed of gellan and alginate (easy crosslinking) 

o Easily flows through nozzle (more watery → shear thinning) 
o Deposited material not flowing because it has recovered its shear property 
o Also good rheological properties when cartilage particles are incorporated 

 
Tubular structures – extrusion bioprinting 

• Example: blood vessels 
• Multiple cell types: endothelial cells, smooth muscle cells, fibroblasts (all 4 tissue types) 
• Tri-Coaxial extruders form vessels 

o Nozzle in a nozzle, allows to print multiple-layered hallow structures → space 
for crosslinker and reflects vessel shape 

o HUVECs = endothelial cells (3V2A) and SMC = smooth muscle cells (3V0.5A) 
o CPF = Ca2+ containing sacrificial bioink  

• Method 2: thermosensitive pluronic gel (synthetic hydrogel) → micelle formation 
• Method 3: bioprinting onto rotating cylinder 

 
Solid organs – stereolithography 

• Example: liver 
• Stereolithography: eliminates the nozzle and therefore shear stress 

o Polymerize 1st pattern with one cell type → wash away → replace with 2nd cell 
type → polymerization (complementary form) → next layer 

o Red = endothelial cells, green = hepatocytes 

 
• How good does the “liver-patch” represent liver tissue? → not at all, only visually! 
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SWOT-Analysis of Bioprinting 
• Strengths:  

o Personalized grafts with patient’s cells (biocompatible) 
o Complexity is “free”: internal reinforcements, internal porosity, multiple cell 

types 
• Weaknesses: open-loop, unknown effects of process parameters 
• Opportunities: personalized therapies for complex and hard-to-access joint injuries 

and disease, joint preservation 
• Threats: increasing regulatory and reimbursement hurdles 

 

Impulse Lecture: Volumetric 3D printing 
• Current 3D printers: layer-by-layer fabrication, time scale 30min-24h, temporary 

supports, exposed build volume, limited design freedom, mechanical stress on cells 
• Volumetric printing: creates entire object at once, ultra-rapid (30s), no temporary 

supports, multi-centimeter scale, sealed and sterile print containers (bioprinting), 
freeform structures (cavities, conduits…), contactless → no stress on materials 

• Inspired by medical tomography (CT) 
o Radon transform relates an object and its projections 
o Medical tomography: physical object → CT-scan → X-ray projections → filtered 

projections → digital backprojection → digital reconstruction 
o 3D printing: digital model slice → radon transform → calculated projections → 

filtered projections (no negative spatial coordinates) → physically project in a 
photopolymer → physical dose distribution 

• Tomographic 3D printing:  
o Illuminate a rotating photosensitive material with projections → liquid to solid 

transition 
o Thermally gelate cell-seeded scaffold ink by cooling it → volumetric printer → 

local gel crosslinking → heat to dissolve unpolymerized parts 
o Printing of ell-seeded hydrogels: ball-and-cage valve, trabecular bone model, 

meniscus 
o Printing of soft silicones: soft hearing aid shell, arterial junction model 
o Tested materials: acrylates, hydrogels, soft urethanes, silicones, initiators 

• Advantages: 
o High cell viability (85-95 %) and increased metabolic activity over time 
o Comparable cell survival to other methods 
o 10-100x higher throughput than extrusion (> 1000 cm3/h) 
o Resolution: approx. 100 𝜇𝑚 (influenced by divergence, algorithm, diffusion) 
o Minimal light dose due to absence of photo-absorbers (0.3 J/cm2 for a print) 
o Absent shear forces 
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Paper “Recapitulating macroscale tissue self-organization through organoid bioprinting” 
Bioprinting 

• Applications: tissue engineering, regenerative medicine, drug screening 
• Powerful ability to control large-scale depositions of cells and biocompatible materials in 3D 
• Current approaches: limited success in reproducing microarchitecture, cell type diversity and 

function of native tissues (formed by cellular self-organization) 
Tissue formation 

• High cellular density and permissiveness necessary to recreate the complexity of native tissue 
• Morphogenetic programs: local (intercellular) interactions guide successive cycles of 

differentiation and patterning → self-organization of cells 
 
Bioprinting-assisted tissue emergence (BATE)  

 
• Stem cell derived organoids promising tissue mimics, but can’t be grown beyond mm-scale → 

lack architecture of native organs for emergence of higher-level functional characteristics 
• Stem cells and organoids as spontaneously self-organizing blocks → spatial arrangement into 

interconnected and evolving cellular constructs 
• Each cell or cellular aggregate (normally develops into a randomly shaped small organoid) can 

be coerced to fuse and reorganize following geometry and constraints imposed by 3D printing 
• Parameters: nozzle diameter, extrusion pressure and printhead speed depending on bioink 

composition, rheological properties, cellular concentration 
• Syringe-based extrusion coupled to microscope → reduces costly optimization of parameters 
• Cellular density controllable to single lines of cells 
• Compatible with many common matrices (Matrigel, collagen I, methylcellulose), sometimes 

needs optimization of temperature and bioink concentration → allows high density cell 
suspensions for printing without compromising cellular viability and intrinsic self-organization 

 
Printed cell types  

• Self-organizing potential: epithelial, connective and vascular tissue 
• Intestinal stem cells (ISC): morphed into connected and polarized epithelial tube, depends on 

ECM type and culture conditions 
• MSC: migrated and invaded surrounding ECM → fibrous connective tissue-like structure 
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• Umbilical vein endothelial cells: formed self-organized tubes with a perfusable lumen, 
stimulation with VEGF induced angiogenesis → interconnected vascular network 

• Defective printouts (aggregation during printing) maintained macroscopic geometry 
• Specific local interactions that control self-organization of small cellular units can be multiplied 

and systemically arranged to form epithelial tubes, connective tissues and vascular networks 
with a defined geometry 

 
Macroscale patterned tissue reconstruction of intestinal stem cells 

 
• Requires manipulation of geometry, cell-cell interactions, ECM composition, soluble factors 
• ISC: Matrigel and growth factors (EGF, Noggin, R-Spondin) form organoids bearing crypts and 

villus-like compartments resembling epithelium of small intestine (5-15 mm vs. 50 cm length) 
• Guidance by cylindrical geometry → ISC condense into thick tubular construct lacking a lumen 

→ expansion & fusion → polarized & lumenized epithelium → tubes bud & Paneth cells emerge 
• Can be cultured for longer periods (> 3 wks) and reach longer diameter (> 400 um) 
• Critical parameter: high cell density (growth exerts compressive forces and increases contact) 
• Low cell density: discontinuous tubes, smaller diameter, decreased robustness, heterogenous 
• Complex tissue architecture and patterning can be robustly reproduced at the cm-scale by 

spatially arranging spontaneously self-organizing tissue building blocks in permissive ECMs 
 
Intestinal tube characterizations 

• Cellular composition: proliferative cells in crypts, enterocytes with apical brush border, mucus 
producing goblet cells, enteroendocrine cells, mucus layer covering apical epithelium 

• Paneth cells: chief player in innate mucosal immunity, contain secretory granules rich in host 
defence peptides (lysozyme, defensins) → carbamylcholine → swelling & granule release 

• Tube swelling ability in response to CFTR: forskolin (stimulates adenylate cyclase) → rapid 
swelling (diameter expansion +20%) 

• BATE can yield engineered tissues with high physiological relevance, resembling the phenotype 
and functionalities of their in vivo counterparts 
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Co-culture printing 
• Different organ tissues continuously interact to provide precise spatiotemporal cues to ensure 

robust development and function → not reproducible by cell culture and 3D printing  
• BATE: sequential printing of multiple cell type to form complex geometries and cell type 

arrangements with good spatial resolution 
• Intestinal mesenchymal cells (MC) important for intestinal development → co-culture with ISC 
• Randomly dispersed MC excluded from epithelial condensate → migration to periphery 
• Altered phenotype of ISC from a columnar and highly polarized to more squamous epithelium 
• Possible to deliver MC and their key signals any given time around the tube → mirroring 

signaling centers and time-sensitive tissue-tissue interactions 
• Inclusion of stromal cells accelerates lumen formation and increases lumen diameter → 

connect tissues to a liquid perfusion system to remove dead cells shed into the lumen during 
tissue turnover (solves the problem of inaccessible lumen in classical organoids, which restricts 
lifetime and makes it difficult to study) 

• Multi-tissue models: gastrointestinal or small/large intestinal junction via cellular gradient 
• Organoid fusion: produces large-scale tissues and mimics tissue boundaries 
• Local self-organization properties of organoid-forming stem cells can be modulated by 

supportive cells to yield constructs with improved growth or altered development 
 
Future applications:  

• Regenerative medicine, bioprinting larger scales, drug-testing in multi-tissue organoids, 
engineering of self-organizing tissue, printing of other organs, increasing functionality, 
integration and maturation in vivo 

 
Limitations:  

• Expensive stem cells, behavior of implanted BATE? How comparable drug-testing of BATE 
organoids? Scaling limits? Risk of cancer formation due to self-organization? 



Seite 57 von 113 
 

VI. Mechanobiology 
• Motivation 

o Improve tendon healing 
o Musculoskeletal healing: forces are at the center 
o Biology in human physiology: mechanical controls integrate complex behaviors 
o Understand wound healing 

 

ECM – major physiological “driving cue” 
• Key ingredients in tissue engineering and regenerative medicine: cells, scaffolds, 

bioactive factors, mechanics and physical cues 
• Cells  

o Live in a 3D space: connected to other cells and/or matrix (protein network) → 
central driver of behavior, can also be modified by cell-secreted factors 

o Locations of somatic stem cells: brain, teeth, liver, bone marrow, heart, 
skeletal muscle, peripheral blood, gut, skin 

o Cultured stem cells can become any cell in the body 

 
• Scaffolds 

o Biomaterials can be formulated into different physical forms 
§ Nanofibers, microspheres, woven scaffolds, intricate 3D printed  
§ Mimic properties, support cell seeding and development of bulk tissue 

o Softer hydrogel materials direct wound healing 
§ Proteoglycans, fibrinogen, synthetic peptides, chitosan 
§ Activate endogenous stem cells 
§ Intra-operative biologics to promote wound healing 

o Modifiable aspects of biomaterials 
§ Scaffold functionalities can be altered to improve bioactivity 
§ Inherent properties of materials: geometry, mechanical properties, 

signaling displayed functional groups, degradation rate  
§ Incorporating proteins, nucleic acids, biopolymers, aptamers  
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• Bioactive factors: mechanisms regulating cell behavior  
o Influenced by a variety of extracellular signals and tightly regulated  
o Surface receptors bind  

§ Diffusible molecules (GPCR, GF receptors) 
§ Cell adhesion (integrins, syndecans) 
§ Receptors on other cells (cadherins, eph-ephrins) 

o After activation signal propagates through intracellular pathways → nucleus 
o Transcription factors, chromatin modifications, noncoding RNAs control 

transcription and gene expression  

 
• Mechanics and biophysical stimuli (forces) 

o Stress, strain and loads can change bone growth and 
regeneration → adaptation on mechanical forces 

o Different formation of ECM when cultured in dynamic/static 
conditions  

o  → mechanics drives biology 
• Different cues and different cell responses 

o Survive, grow and divide, differentiate, die (absence of signals) 
o ECM connects cells together in tissues, guides wound healing, embryonic 

development and tissue regeneration 
o ECM cues are powerful: both mechanical and biochemical → drive cell 

behavior → cells need to spread in order to survive 
o Depending on the stresses different ECM structures are formed → target 

mechanically effective structure (without mechanics not possible) 
o ECM and its biomechanical properties inform biomaterials design 

 

Mechanics – key ingredient in physiology and biomaterial design 
• There is a high potential for exploiting biomaterial topology and mechanics to deliver 

powerful (biophysical) stimuli to cells 
• This can additively complement the use of biomaterials to delivering drugs and 

bioactive compounds (biochemical stimulus) 
• Designer approaches to engineer biomaterials for mechanobiology 

o Biomaterial/mechanical properties: crosslinking density (adhesive ligands) → 
stiffness, degradability (low/high), fiber architecture (soft/stiff), viscoelasticity 
(non-covalent bond), elasticity (covalent bond) 
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• Forces as a key ingredient of tissue engineering 

 
o Stem cells can be transplanted on or in synthetic matrices with defined 

mechanical properties (stiffness and viscoelasticity) that promote proliferation 
and/or a particular stem cell fate 

o Stem cells can be pre-conditioned for a period of time with mechanical cues 
o Mechanical cues of stiffness and viscoelasticity can also be used in vitro to 

mimic embryonic development by driving stem cells to undergo self-
organization, differentiation & morphogenesis into organoid tissues over time 

o Direct application of external forces can be utilized to improve generation by 
endogenous stem cells  

• Regenerative medicine:  
o Process of replacing, engineering or regenerating human cells, tissues or 

organs to restore or establish normal function 
o Engineering damaged tissues and organs by stimulating the body's own repair 

mechanisms to functionally heal previously irreparable tissues  
• Design of therapeutic biomaterials can be viewed as an attempt to control wound 

healing toward “scarless healing”  
o Cell recruitment: “calling in the right kind of cells” → improved healing  
o Scaffold necessary for cells to migrate into wound and acts as reservoir for 

cytokines and growth factors 
o Steering recruited and resident cells:  

§ Stem cells (recruited progenitors) 
§ Fibroblasts (matrix producing “support” cells) 
§ Macrophage and neutrophils (immune cells that mediate inflammation 

and damage repair, can be tissue resident or recruited) 
o Durotaxis (physical gradients) and chemotaxis (chemical gradients) can be 

presented by a biomaterial to guide cell movement and behavior 
o Wound → inflammation → chemotaxis (cell recruitment) → differentiation and 

cell proliferation  
o Sensing shape, form and cells of the matrix cells know how to behave  
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How cells sense mechanical signals and convert them to “downstream” signaling 
pathways at molecular level 

• Intracellular signaling 
o Extracellular signal molecule → receptor protein → intracellular signaling 

proteins → effector proteins 
§ Metabolic enzyme → altered metabolism (fast) 
§ Gene regulatory protein→ altered gene expression (slow) 
§ Cytoskeletal protein → altered cell shape or movement (fast) 

• Mechanotransduction: sensation and conversion of mechanical to biochemical signals 
o ECM → focal adhesions → cytoskeleton → nucleus → genes 
o ECM acts trough stretch activated ion channels (Piezo 1 & 2) 
o Contribution of integrins, cadherins, GF receptors, myosin 

motors, cytoskeletal filaments, nuclei, ECM etc. 
• Cell architecture is important to understand mechanotransduction  

o Cell-generated traction forces contribute to responses by 
modulating tensional pre- stress within cells, tissues and organs that govern 
mechanical stability as well as mechanical signal transmission  

o External matrix forces trigger transmembrane sensors → activate or deactivate 
signaling chains → activate enzymes → activate or deactivate signaling 
proteins depending on signaling chain (kinases often calcium dependent)  

§ Integrin activation  
§ Stretch-activated ion channels 

  
• Focal adhesions 

o Local forces are applied to integrins that bind to the ECM) 
o Forces are concentrated at focal adhesions (force sensitive protein complexes) 

with stretch induced conformational changes in the important 
mechanosensory proteins talin and vinculin 

o Binding domain on the focal adhesion proteins are exposed by mechanical 
stretch, inducing mechanically activated signaling 

o Various kinases are activated by mechanical stretch at the focal adhesion 
§ Focal Adhesion Kinase (FAK) activity elicits intracellular signal 

transduction pathways promoting turn-over of cell-ECM contacts  
§ FAK is required during development, with loss of FAK being lethal 
§ FAK has an important role in motility and cell survival, and many 

downstream responses to mechanical signals (differentiation, 
proliferation, ECM synthesis, apoptosis)  



Seite 61 von 113 
 

• Nuclear Mechanosensation 

 
o Forces are transferred via focal adhesions and channeled to filamentous (F)- 

actin which is made by myosin II and generates whole cell prestress 
o F-actins are connected to microtubules (MTs) and to intermediate filaments 

through various protein linkages (e.g. plectins) 
o F-Actin and IF are ultimately interconnected with the outer nuclear membrane 

through various linker protein complexes (e.g. nesprin family) 
o F-actin is also connected to inner nuclear membrane (via SUN family proteins) 
o Lamin A aids in force propagation and interacts with chromatin 
o Cytoplasmic viscoelasticity → force propagation from ECM to nucleus few ms  

§ In contrast GF → motor-based translocation or diffusion → few s 
o Cell cytoskeleton is thus physically interconnected to the nuclear lamina and 

nuclear scaffold, which also attach to chromatin and DNA 
o Spatial configuration of the nuclear scaffold could be affected by mechanical 

forces, acting to regulate gene transcription 
o Force channeled into the nuclear scaffold could thus directly affect gene 

activation within milliseconds of a cell surface deformation  
o Interconnected network of proteins constituting the nuclear scaffold can carry 

mechanical loads, and deforms in response to cytoskeletal force  
o This could alter self-assembly of regulatory complexes or other molecular 

structures that are important for gene regulation 
o Stress- or strain-induced changes in chromatin organization could lead to 

differential accessibility or binding of DNA regulatory factors that are involved 
in gene transcription, RNA splicing or chromatin modification 

o Forces that are focused on a specific chromatin region that is directly tethered 
to nuclear membrane-spanning receptors and to either the underlying nuclear 
envelope or the internal nuclear scaffold could modulate the activities of 
associated transcription or splicing factors  

o Force application through the cytoskeleton to nuclear pores might increase 
nuclear transport and influence post-transcriptional control of gene expression 
(through altered mRNA transport) 

o This would occur by either stretching the pore, opening the baskets and other 
components of the inner nuclear pore complex, altering its opening kinetics or 
modulating its molecular composition 
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• Forces created by cell contraction are balanced by resistance from the cell substrate 
o Substate can be ECM or a biomaterial 
o Physical and biological consequences for the structural proteins in between 
o Myosins  

§ Superfamily of motor proteins (e.g. muscle contraction) 
§ ATP-dependent and responsible for actin-based motility 
§ No single "myosin" → very large superfamily of genes whose protein 

products share the basic properties of actin binding, ATP hydrolysis 
(ATPase enzyme activity), and force transduction 

§ Some isoforms have specialized functions in certain cell types (such as 
muscle), while other isoforms are ubiquitous.  

o Myosin II  
§ Myosin type responsible for producing cellular contraction in most 

animal cell types 
§ Found in non-muscle cells in stress fibers (contractile actin bundles) 

o Integrins 
§ Transmembrane receptors that facilitate cell-ECM adhesion 
§ ECM ligand binding (e.g fibronectin) → signal transduction pathways → 

regulation of the cell cycle, organization of intracellular cytoskeleton, 
and movement of new receptors to the cell membrane 

§ Presence of integrins allows rapid and flexible responses to events at 
the cell surface 

o Talin 
§ High-molecular-weight cytoskeletal protein concentrated at regions of 

cell–substrate contact 
§ Ubiquitous cytosolic protein found in high concentrations in FA 
§ Capable of linking integrins to the actin cytoskeleton either directly or 

indirectly by interacting with other FA proteins (vinculin and α-actinin) 
§ Mechanical “vulnerability” and cellular position bridging integrin 

receptors and the actin cytoskeleton make it a fundamental protein in 
mechanotransduction 

§ Mechanosensitive: mechanical stretching of talin (stiff substrate) 
promotes vinculin binding, and opens cryptic sites that interact with 
signaling molecules (kinases that mediate phosphorylation) 
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• Force balance: relative myosin activity (“molecular motor”) and substrate stiffness  
• Kon/Koff: relative likelihood that an integrin will bind onto or release from an exposed 

fibronectin cell binding site → relative integrin density and matrix ligand density  
• Kfold/Kunfold: relative likelihood that a talin molecule will be coiled/folded vs. elongated 

under tension/unfolded → relative talin density (part of the “molecular clutch”)  
• Signaling kinase activity as “biological output” (e.g. MAPK) 

o Talin density increases (additional expression) → decreased/increased activity 
§ Proportional to the amount of unfolded talin (# exposed binding sites) 
§ Force constant → force per talin decreases → less stress/molecule 
§ Large density increase → stress below threshold for talin unfolding 
§ Average stress above threshold → more talin with binding sites 

o Matrix density increases (cellular secretion) → increased activity 
§ Number of bound integrins increases → effective cell-matrix coupling 

o Integrin density decreases (additional expression) → decreased activity 
§ Less effective cell-matrix coupling → less unfolded talin 

o Substrate stiffness decreases (proteolytic activity) → decreased activity 
§ Matrix more responsive to constant traction force → less deformation 

must be taken up by talin → less talin unfolded 
• ECM viscoelastic model 

o Maxwell material model: elastic spring (blue) in series with a dashpot (red) 
o Spring can absorb a displacement ∆x → instantaneous elongation under 

applied force → returns to original shape after load is removed 

o Hooks law: 𝐹 = 𝑘 ∙ ∆𝑥 and stored work: ∆𝑊 = 7
8
∙ 𝑘 ∙ ∆𝑥8 = 7

8
𝐹 ∙ ∆𝑥 

o Dashpot represents an energy dissipation element: fluid in the matrix may be 
squeezed through the matrix with drag (friction) forces → loss of stored 
energy → releasing as heat → retains deformed shape after load is removed 

o Heat production in knee while running up the stairs approx. 3o → taken up by 
synovial fluid → transferred to other tissues 

o Rate at which stored energy is lost depends on how quickly the fluid in the 
matrix is squeezed through pores in the matrix 

o Sudden force driven by constant myosin activity → changes over time: 
§ Integrin-ECM binding sites will move closer to the cell center 
§ Talin will be less deformed → kinase activity will decrease 

o Time-dependent displacement of viscoelastic substrate 
§ Cell will attempt to maintain constant contractility (kinase activity 

required to maintain myosin activity) 
§ Cell will try to move its focal adhesions increasingly outward 
§ Matrix moves toward cell center → cell grabs new matrix areas → keep 

itself fully spread with fully tensioned cytoskeletal (actin) structures 

 

Inflammatory 
interstitial fluid: 
proteins confer 
low viscosity 



Seite 64 von 113 
 

Wound Healing 
• Phases of wound healing 

o Phase I: Hemostasis and inflammation: stop bleeding, groundwork for repair 
o Phase II: Cell proliferation/tissue modeling: recruit or create necessary cell 

populations, create template for regenerated tissue, return organism to 
function ASAP → emergency restoration of basic function 

o Phase III: Tissue remodeling: optimize tissue toward pre-injury status 
o Clotting → vascular response → inflammation → scar formation → epithelial 

healing → contraction → scar remodeling (months) 
o Phase 1: blood cell products (platelets), very temporary matrix scaffold (fibrin),  

stimulatory proteins recruit vascular and other tissue related stem cells, 
immune cells (neutrophils, macrophages, T and B cells) and fibroblasts 

o Phase 1-2: granulation tissue forms (mixture of all required “players”: stem 
cells, immune cells, other cells, fibronectin, smaller collagens & proteoglycans) 

o Phase 1-3: revascularization (vascular modeling) and vascular remodeling 
(larger collagens, lamin) 

o Phase 3: “scar” tissue remodeling (towards “normal tissue”): optimal cell types 
and optimal matrix (usually less or no fibronectin, fewer smaller collagens and 
proteoglycans, toward larger collagens and elastin)  

• Endothelial cells and wound (re)vascularization 
o Angiogenesis: new blood vessel growth, critical part of normal healing process 
o New blood vessels are required to deliver: oxygen, nutrients, cells and GFs 
o Insufficient angiogenesis is a hallmark feature of chronic wounds 
o Angiogenesis often impaired in the elderly, people with high cholesterol, 

diabetes and in heavy drinkers and smokers 
• Key cellular players: stem cells, fibroblasts (and myofibroblasts) 

o Progenitor cells recruited to injury sites → proliferation → provide cells that 
differentiate into the cell types required to regenerate the tissues  

o Form ECM (fibronectin, later collagens) → tissue strength and structure 
o Myofibroblasts: “activated fibroblasts”, generate 

much matrix, highly contractile (forces to align 
and reposition the matrix) 

o Migrate inward as mature cells from surrounding 
tissues, or differentiate from a progenitor cell 

• Scar vs scar-free healing 
o Response to damaged or missing tissue following injury due to biological 

processes or wounding → replace lost tissue 
o Complex process: 

§ Inflammatory response and remodeling 
§ Many growth factors, cytokines and ECM interactions involved 
§ Macrophages and mast cells promote scarring depending upon the 

local inflammatory environment (acute vs. chronic inflammation) 
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o Collagen is abnormally organized in scar tissue 
§ Parallel bundles of the collagen fibers whilst healthy scar free tissue has 

a "basket weave" structure 
§ Difference in collagen arrangement with a lack of difference in the 

dermal tissue when healing has taken place with or without scarring is 
indicative of regenerative failure of normal skin 

o Scar free healing: significant injuries can heal without permanent damage to 
the tissue the injury has affected 

§ Possible in human fetus and very young 
§ Capacity is gradually lost during progression to adulthood 

• Fetal and oral wound healing share many characteristics 
o Both scar free healing 
o Wounds contain a low number of myofibroblasts 
o ECM does not accumulate in the wound bed 
o Weak inflammatory reaction (low number of inflammatory cells) 
o Oral wounds: saliva offers a humid environment with microbes, which is 

suggested to promote oral wound healing 
• Hypertrophic scarring: severe scarring resulting from collagen 

deposits  
o Limited to the area of the original wound 
o Contains plenty of contracting myofibroblasts, which 

adhere to ECM via focal adhesion-like structures 
o Thin collagen fibers in the ECM are orientated in parallel 

to the cutaneous epithelia 
o Incidence 32–72% 

• Keloid scar:  transcends edges of the wound and extends into 
surrounding skin 

o Inflammatory reaction is strong 
o Dermal fibroblasts proliferate actively and thick hyalinized 

collagen bundles are orientated randomly 
o Chronic inflammation persists, and angiogenesis is active in the keloids 

Stem Cells and Aging 
• Scars form due to loss of regenerative potential → senescence and “inflamm-aging” 

o Senescence-associated secretory phenotype (SASP)  
§ Ability of senescent cells to express and secrete extracellular 

modulators (cytokines, chemokines, proteases, GF, bioactive lipids) 
§ Role of the SASP depends on the context 
§ Reinforces senescent cell cycle arrest, stimulates the immune-

mediated clearance of potentially tumorigenic cells, limits fibrosis and 
promotes wound healing and tissue regeneration 

§ Can mediate chronic inflammation → stimulates tumor growth/survival  
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§ Regulation occurs at multiple level: chromatin remodeling, activation of 
specific inflammatory transcription factors, control of mRNA translation 
and intracellular trafficking 

§ Several SASP modulators identified (SAßG is just one example) 
• Stem cells and healthy aging 

o Embryogenesis and organismal growth: highly active stem cells → tissue 
formation and growth 

o Prime reproductive phase: suppressed growth → maintain and repair tissues 
o Properties subject to forces of natural selection → these two phases of survival 

and reproduction critical to the propagation of the species 
o Protected aging: beyond period of reproductive maturity as fecundity declines 

§ Cell and tissue functions under little or no 
evolutionary pressure (negligible effect on 
species survival and survival beyond this 
point markedly diminishes) 

§ Stem cell functionality (not necessarily 
stem cell number) declines in most tissues 

o Extrinsic factors affect aging stem cells  
§ Influence of local and systemic environment during protected aging has 

been demonstrated by exposing young stem cells to an aged 
environment, and vice versa 

§ Heterochronic transplantation: cells derived from a donor of one age 
are transplanted into a recipient of a different age 

§ Heterochronic parabiosis: two mice of different ages are adjoined to 
create a shared circulatory system, exposing cells in one animal to the 
systemic environment of the other 

§ Young stem cells exhibited functional decline that resembled 
accelerated aging in an aged systemic milieu  

§ Aged cells placed in a young environment or exposed to a youthful 
systemic milieu exhibited more youthful characteristics 

§ → may be possible to ameliorate certain aging features 
o Stem cell «quality» is one key element of regenerative capacity, but 

environmental factors (the «cellular niche») can strongly modify cell behavior 
o Blood: with age clonal diversity collapses, resulting in dominance of one HSC 

clone → 20% of individuals have one clone that 
dominates 20-80% of blood 

o Skin: young continuously replenished from stem 
cells with highly restricted domains → random 
mutations generate small variations across the 
surface → with time some clones expand 
markedly → clonally derived patches with a 
common set of genetic variants 
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Bone Healing 
• Mechanics driven tissue healing: from initial scar formation to long term remodeling 

o Hematoma: blood clot formed within a few hours after fracture by 
extravascular blood cells 

o All of the cells within the blood clot eventually degenerate and die 
o Granulation tissue fibroblasts and stem cells survive and proliferate → form a 

loose aggregate of cells, interspersed with small blood vessels 
o Days after fracture, many of the skeletal progenitor cells in the wound and 

surrounding tissue around the fracture gap develop into osteoblasts → form 
woven bone (largely unstructured type of bone) 

o Fibroblasts within granulation tissue → chondroblasts → form hyaline cartilage 
o Fracture callus: tissues grow in size and unite with their counterparts  
o Fracture gap is bridged by the hyaline cartilage and woven bone, restoring 

some of its original strength 
o Replacement of hyaline cartilage and woven bone with better organized bone, 

and a supporting vasculature system 
o All of the woven bone and cartilage of the original fracture callus is replaced by 

cortical and/or trabecular bone, restoring most of the bone's original strength 

 
• Bone healing and pseudoarthrosis 

o Complex, sequential process heavily governed by mechanical stresses (solid 
stresses, fluid shear stresses) in the tissue 

o These drive cell differentiation, proliferation, and matrix formation 
o Fibrous Tissue:  

§ Cells: fibroblasts 
§ ECM: type-I collagen with fibers aligned in direction of tissue loads  

o Cartilage Tissue:  
§ Cells: chondroblasts and chondrocytes 
§ ECM: type-II collagen in a heavily hydrated (proteoglycan rich) matrix 

o Fibro-Cartilage Tissue: 
§ Mix of the above tissues 
§ Seen in poorly healed skeletal tissues, and some “healthy tissues” with 

extremely heavy mechanical demands (temporomandibular joint, or 
the “chewing joint”, of the jaw)  

o Bone Tissue:  
§ Cells: osteoblasts and osteocytes 
§ ECM: mineralized Type-I collagen matrix – a fiber reinforced ceramic 
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o Too much load and/or too much motion → healing process will fail 
§ Too much fragment motion → high tissue 

shear strains → tissue remains fibrous → 
preventing bone formation  

§ Too little load will fail to provide 
necessary cues to guide tissue formation, 
and the healing processes will also fail 

o Pseudarthrosis (fracture non-union) 
§ Fracture that has not been (and will not be) bridged by calcified tissue 
§ Excessive tissue strain results in a “false joint” between bone fragments 

made of fibrous tissue around which the bone fragments move 
§ One of the largest complications of bone fracture and a major driver of 

orthopedic innovation 
• Bone resorption from “stress shielding” (insufficient tissue strain) 

o Stress shielding or bone resorption seen in areas that are relatively unstressed 
o Forces are transmitted through the relative stiff femoral stem → osteoporosis 

in the proximal femur with thinning of the cortex and bone resorption of the 
femoral neck 

o Appropriate tissue ingrowth (balance of tissue strains) essential requirement 
for clinical success of most implants 

o In stable non-cemented hip arthroplasties (partly mineralized) fibrous tissue at 
the metal-bone interface does occur → combination of bone ingrowth and 
fibrous tissue ingrowth → provides the fixation in most cases 

o Fibrous tissue presents as a lucent zone at the interface 
o It should be stable and well within a range of 1 -2 mm 

 

Summary 
• Cell behavior, particularly in musculoskeletal tissues, is highly regulated by mechanical 

forces 
• Mechanical forces play critical role in tissue healing, and tissue homeostasis: cell 

differentiation and cell matrix production  
• Healing tissue mechanical properties evolve over time 
• In the case of healing bone, a wound first fills with soft tissue, then progressively 

mineralizes. This process is heavily guided by mechanical feedback 
• The long-term maintenance of bone is also heavily regulated by mechanical feedback 

•  
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VII. Tissue Viscoelasticity and Extracellular Matrix  
Extracellular matrix: important biochemical and biomechanical cues 

 
• Cells are connected to an outside protein network known as the ECM 
• Many cellular processes involve interactions between the ECM and the cell 

o Migration, proliferation, differentiation 
• The ECM not only connects cells together in tissue, but also guides wound healing and 

embryonic development 
• Fibrillar “elastic” proteins: collagen, elastin 

o Collagens are the most abundant protein in the ECM and human body (30%) 
§ Accounts for 90% of bone matrix protein content 

o Collagens are present in the ECM as fibrillar proteins and give structural 
support to resident cells 

o Provide strength, support, flexibility and shape to tissues 
o Collagen family can be divided into several sub-families according to the types 

of structure they form 
o Most common load bearing collagens in connective tissues: type I, II, III 

• Cell adhesion proteins: fibronectin, lamin  
o Fibronectins are glycoproteins that connect cells with collagen fibers in the 

ECM, allowing cells to move through the ECM 
o Fibronectins bind collagen and cell-surface integrins, causing a reorganization 

of the cytoskeleton to facilitate cell movement 
o Fibronectin is secreted by cells in an unfolded, inactive form → binding to 

integrins unfolds fibronectin molecules → form dimers with proper function  
o Fibronectins also help at the site of tissue injury by binding to platelets during 

blood clotting and facilitating cell movement to the affected area during 
wound healing 

 



Seite 70 von 113 
 

• Proteoglycans 
o Major component of the animal ECM ("filler" substance between cells) 
o Proteins covalently linked to glycosaminoglycans (GAGs) of variable length 

(95% carbohydrate weight) 
o Form large complexes to other proteoglycans, hyaluronan and fibrous matrix 

proteins (e.g. collagen) 
o Functions 

§ Sponge/shock absorber and can serve as lubricants 
§ Influence cell migration and ECM deposition 
§ Regulate movement of molecules through the matrix 

o Individual functions attributed to protein core or attached GAG chain 
§ Core protein binds to fibrillar matrix proteins (usually collagen)  
§ Carbohydrate (GAG) side chains branch out form the core protein  
§ GAG side chains are highly negatively charged (due to sulfates) 

o Example: aggrecan 
§ Negatively charged sulfates attract cations (Na, K, Ca) → ion gradient 

attracts water (osmotic pressure) 
§ Side chains repel each other, preserving spacing in the ECM  
§ Side chains also bind other proteins (GFs) → store for cellular access  

 
 

• Different ECM compositions in healthy skin and during wound healing 
o Stars = strong affinity for several growth factors 
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Viscoelasticity 
• How the ECM of cartilage balances mechanical forces 

o Collagens: restricts cartilage volume by stretching → collagen restraint  
o Aggrecans (proteoglycans): attract water due to negative charge, which 

attracts positively charged ions (e.g. Na+) → osmotic pressure  
o Mechanical forces: compress the cartilage → force water out → increase 

osmotic pressure gradient 
o Flow resistance: how good can water flow out of cartilage? 

§ Depends on permeability, porosity etc. 
o Cartilage deformation until osmotic and mechanical pressures are in balance 

 
• Creep test (cartilage) 

o Apply constant stress (𝜎!) → measure deformation 
o Deformation increases over time (increased strain) until external forces are in 

equilibrium with osmotic pressure 
o Nonlinear fluid outflow rate 

§ A-B1: rapid efflux of fluid (from surface or sideways)  
§ A-B2: redistribution of collagen, proteoglycans, molecules and water  
§ B2-B3: slower efflux of water  
§ B3-C: equilibrium, matrix stress = external load (no further fluid flow)  

 
 

Darcy’s Law for pressure due to flow resistance through a porous medium 

• ∆𝑷 = − 𝑸𝝁𝑳
𝑨𝒌

 with volumetric flow Q, permeability k [m2], viscosity u 

• The more viscous the less easy fluid goes out → higher pressure gradient 
• The more permeable (larges mashes/pores) → lower pressure gradient 

Van’t Hoff quantitative relationship between osmotic pressure & solute concentration 
• 𝚷 = 𝒊𝑪𝑹𝑻 with osmotic pressure P, dimensionless index I, concentration C 
• Applies when the solute concentration is sufficiently low → treat as ideal solution 
• The higher the ionic charge → osmotic pressure increases 
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• Stress relaxation test (cartilage) 
o Apply constant stress (𝜎!) after ramping stress to point B 
o Application of additional deformation is stopped and force (stress) measured 
o Stress decreases over time as fluids continue to exude through pores until 

external forces are in equilibrium with osmotic pressure (here approx. point E) 
o Allows to compare materials: stiff/soft, stiff then softer, creeps a lot/elastic 
o Mechanical models of behavior: relate mechanical stress state to strain state, 

often as function of time (if material has creep/stress relaxation characteristic) 

 
• Dynamic (cyclical) mechanical testing 

o Reveals elastic and viscous behavior 
o Tangent modulus: stress-strain curve slope, increases with deformation speed 
o Water has less time to escape the matrix → less stress relaxation behavior 
o Hysteresis: viscoelastic materials exhibit a time delay in returning the material 

to original shape → some energy is lost (converted to heat) 
o Tangent modulus, creep and hysteresis are all heavily dependent on tissue 

porosity state 
§ Higher tissue loads (4 MPa) compress pores → stiffer tissue response 

o Weissenberg number: dimensionless, compares elastic to viscous forces 

§ 𝑊𝑖 = "&.$(%5	20)5"$
4%$501$	20)5"$

 

o Cartilage behaves more elastic if: loaded and unloaded fast & loaded with a 
high frequenccy 

• Elastic materials (solids) 
o Deformation is non-time dependent function of force → energy is maintained 
o Immediately and proportionally translate force to a displacement 
o Proportionality can be a linear function (linear elastic material) or not 

§ (1) progressive, (2) linear, (3) degressive, (4) almost constant, (5) 
progressive with knee 

§ Can be shaped to provide nonlinear force-deformation response 
o Similar to Hooke’s Law: 𝝈 = 𝑬𝜺 with stress = elastic modulus x strain 
o Force-displacement AUC = work 
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• Viscous materials (fluids) 
o Deformation is time dependent function of force and viscosity → energy is lost 
o Typical in classical fluids 
o Stress converts to strain with a time lag, at constant stress strain continues to 

increase (creep)  
o Creep strain is not recoverable after removal of stress (in many materials) 

 
• Viscosity  

o How effectively shear transfers through a fluid, acting to decelerate it 

o Shear stress: 𝜏 = 𝜂 >1
>-

 with viscosity in	𝑃𝑎 ∙ 𝑠 

o The more viscous the less stress over time you get 
o Blood 3-4 mPa s, air 17.9 uPa s, water 0.3-1.8 mPa s, alcohol 1.1 mPa s 

 
• Viscoelastic material (ex. toothpaste) 

o Shows properties of viscous + elastic materials (something in between) 
o Exhibit a time delay in returning the material to original shape  
o Some energy is lost, plastic deformation 

 

Models of viscoelastic behavior 
• Spring: stretches instantly under stress and will hold the load, recovers after removal 
• Dashpot or viscous damper: plunger-like system that is submerged in a pot with a 

Newtonian fluid, moves proportional to the stress, doesn’t recover after removal 
o 1-end covers (connected to cylinder block, so move with the block); 2-damping 

medium; 3-cylinder block (moves right); 4&5 piston and piston rod (fixed); 6-
connector (moves right) → exerts constant force 
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• Maxwell model (e.g. tendon) 
o Can be represented by a purely viscous damper (n) and a purely elastic spring 

(E) connected in series → both subject to same stress: 𝝈𝒔𝒑𝒓𝒊𝒏𝒈 = 𝝈𝒅𝒂𝒔𝒉𝒑𝒐𝒕 
o Total strain is the sum of both elemental strains: 𝜺𝒕𝒐𝒕𝒂𝒍 = 𝜺𝒔𝒑𝒓𝒊𝒏𝒈 + 𝜺𝒅𝒂𝒔𝒉𝒑𝒐𝒕 
o First order linear differential equation: 𝜀̇ = .̇

0
+ .

1
 

o If the material is put under a constant strain, the stresses gradually relax  
o When a material is put under a constant stress, the strain has two components 

§ Elastic component occurs instantaneously, corresponding to the spring, 
and relaxes immediately upon release of the stress 

§ Viscous component grows with time as long as the stress is applied 
o Predicts that stress decays exponentially with time (true for most polymers) 
o Accurate to model cartilage but does not predict creep accurately 

§ Maxwell model for creep or constant-stress conditions postulates that 
strain will increase linearly with time 

§ Polymers mostly show the strain rate to be decreasing with time 

 
• Kelvin-Voigt model  

o Same elements: spring and dashpot but arranged in parallel 
o First order differential equation: 𝝈	= 𝑬·𝜺+𝜼·𝜺 
o Both elements subject to the same strain (no bending): 𝜺𝒔𝒑𝒓𝒊𝒏𝒈 = 𝜺𝒅𝒂𝒔𝒉𝒑𝒐𝒕 
o Step-wise strain excitation (stress relaxation) leads to infinite stress, since the 

dashpot will not response right away to a finite stress 
o Both Kelvin-Voigt and Maxwell models behave differently in creep and 

relaxation experiments → often used together 

 

Creep 

Stress relaxation 
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• Zener model: standardized linear solid model (e.g. cartilage) 
o Maxwell model with a 2nd spring in parallel → two springs and a dashpot 

§ 𝜎 + 1
0!
�̇� = 𝐸2 ∙ 𝜀 + 𝜂

(0"40!)
0!

∙ 𝜀 ̇

o Simplest model that describes both the creep and stress relaxation behaviors 
of a viscoelastic material properly 

o Under a constant stress, the modeled material will instantaneously deform to 
some strain, which is the instantaneous elastic portion of the strain 

o After that it will continue to deform and asymptotically approach a steady-
state strain, which is the retarded elastic portion of the strain 

o Although the Standard Linear Solid Model is more accurate than the Maxwell 
and Kelvin–Voigt models in predicting material responses, mathematically it 
returns inaccurate results for strain under specific loading conditions 

 
• Generalized Maxwell model (Wiechert model) 

o Most general form of the linear model for viscoelasticity: minimal needed 
spring-dashpot Maxwell elements to accurately represent the distribution 

o Considers that relaxation does not occur at a single, but at distribution of times 
o Due to molecular segments of different lengths with shorter ones contributing 

less than longer ones, there is a varying time distribution 
o Applications: metals and alloys at temperatures lower than one quarter of 

their absolute melting temperature (expressed in K), model instantaneous 
(parallel springs) and long-term elastic response (equilibrium E0) 

 
• Damper models:  

o Using spring-dashpot models, a material behavior can be described 
o Parameters (E1, E2, η) adjusted until model response fits experimental data 
o Solid constitutive mechanics: other ways to describe material deformation 

behavior (deformation energy storage and/or loss) under mechanical loads 
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• Spring-damper model for articular cartilage 
o Three zones of system stiffness 

§ Initially Stiff zone: low viscosity (high fluid flux) and a high elastic 
modulus (very stiff response → steep curve in the stress-time plot) 

§ Transition zone: viscosity is higher (slower flux) and a moderate elastic 
modulus (gentle shift from steep to less-steep curve) 

§ Long-Term zone: no flux (or flow) and very low E (long term softer) 
o Z1: spring with high elastic modulus (for strong stiffness in the beginning) and 

a low viscosity damper (deformation can take place quickly and is not delayed 
and does not lead to infinite stresses when displaced) 

o Z2: spring with lower elastic modulus (slowly lower stiffness in a gradual way) 
and a damper with high viscosity (fluid in cartilage flows slower out) 

o Z3 and beyond: very low elastic modulus spiring and no dashpot system (with 
constant displacement no copious fluid flux, only redistribution) 

§ As point B is reached and the displacement is held, dashpots from the 
previous zones will shorten and reduce the stress 

§ Steady-state stress for the compressed cartilage is sustained by the 
spring of very low elastic modulus 

  
Take home messages 

• The ECM is both a mechanical and biological entity. The movement of fluids serves 
various biological functions (nutrient transport) as well as providing cell level signals 
on the mechanical status of the tissue, for instance during wound healing).  

• A healthy biological tissue is programmed to adjust its ECM composition and structure 
to optimize cellular and tissue mechanics for their required functions.  

• The fibrous ECM provides resistance to mechanical stretch. The proteoglycan rich 
compartments of the ECM attract water, and so balance external mechanical forces 
against osmotic pressures.  

• Tissue viscoelasticity is a physical behavior related to relative loss (damper) and 
storage (spring) of deformation energy 

• The mathematical description of mechanical properties is very useful for quantitative 
analysis and characterization of material behavior. The field of viscoelasticity is 
particularly relevant to biological materials, because they feature both solid (elastic) 
and fluid (viscous) behaviors.  

• Spring-damper models can be a helpful way to describe (conceptually and 
mathematically) the material behavior of biological tissues. Particularly the viscous 
elements which capture effects related to ECM porosity and resistance to fluid 
movements that is analogous to viscosity of a fluid, and its resistance to deformations.  
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Paper “Effects of extracellular matrix viscoelasticity on cellular behavior” 
Introduction 

• Linearly elastic PAAm hydrogels and PDMS elastomers coated with ECM often used in experiments → in 
vivo more complex → viscoelasticity, mechanical plasticity and nonlinear elasticity 

• Changes in ECM sensed over a short timescale → continued sensing, mechanical memory, epigenetics 
→ long-term cellular mechanics (e.g. differentiation, fibrosis, malignancy) 

• ECM stiffness regulates development, homeostasis, regeneration and disease progression 
• Tissues and ECMS exhibit complex time- and rate-dependent mechanical behaviors (combinations of 

different mechanical properties) → dynamic forces (pN-nN) and timescales (ms-h) affect cells 
• Brain: one of the softest and most dissipative viscoelastic tissues (can distinguish white from grain and 

even different regions of the brain based on dissipation and viscoelasticity) → use to find stiff tumors 
Tissue and ECM mechanics are complex 

 
• Loss modulus → measure of viscosity or dissipation and storage modulus → measure of elasticity or 

energy stored → storage > loss modulus → mainly elastic material (“solid” in contrast to “liquid”) 
• Nonlinear elasticity: strain-stiffening → increasingly difficult to extend when already deformed 

o Prevents large deformation that damage tissue (e.g blood vessel walls at high strains) 
o Mediated by networks of collagen fibers 

• Viscoelasticity: instant elastic followed by time-dependent response → energy dissipation depends on 
molecular mechanism → inability to recover shape after stress often a sign of injury, disease or ageing 

o Creep: time-dependent deformation after application of external stress  
o Stress relaxation: time-dependent stress reduction after application of deformation 

• Poroelasticity: flow of water causes substantial viscous dissipation depending on mesh size (porosity)  
o Occurs under tension or compression → water flow into/out of network → volume changes  

• Plastic deformation: globally tissues recover shape, but local deformation may be irreversible  
o Isotropic collagen fibers → aligned pattern around tumors and boundaries in development 
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• Viscoplasticity: plastic above and viscoelastic below yield stress  
o Dissipation in networks of collagen or fibrin depends on nature of bonds that crosslink the fibers 
o Non-covalent → numerous weak bonds → fast dissociation rates → creep and stress relaxation 
o Breaking of weak bonds under mechanical deformation or loading dissipates energy 
o Weak bonds reformation after matrix deformation → plastic deformation 
o Collagen: moderate strains at low rates → new crosslinks; large strains over short period → 

permanent elongation, both slipping and sliding of fibrils under load 
o Protein unfolding: other mechanism of energy dissipation (e.g. fibrin, spectrin, intermediate 

filaments) 
2D culture and the molecular clutch 

• Increased loss or creep promoted cell spreading, FA formation, proliferation and differentiation 
towards adipogenic, osteogenic and SMC lineages 

• Increased Rac1 GTPase activation → increased motility and lamellipodial protrusions on substrates with 
higher loss and creep 

• Fibroblasts and cancer cells: unable to spread on soft elastic gels (covalent crosslinking) but able to 
spread on soft viscoelastic (ionic crosslinking) gels through b1 integrin, myosin and Rho → FA, stress 
fibers and increased activation of YAP (transcriptional regulator protein) 

• Increased loss modulus (faster stress relaxation) decreased fibroblast stiffness and spreading area 
(viscoelastic in contrast to viscoplastic alginate) 

• Hepatic stellate cells and hepatocytes show reduced spreading, stress fibers and nuclear localization of 
MRTF-A on viscoelastic compared to elastic substrates (reverse true for HCC cells) 

• Molecular clutch: myosin-actin-adhesion system for sensing substrate stiffness in 2D 
• Myosin motor pulls acto-myosin network at the leading edge towards nucleus → actin retrograde flow 

→ resisted by adhesion molecules that can randomly bind and unbind between actin bundles and ECM 
• Leading edge: polymerization (countered by retrograde flow) pushes membrane forward → spreading 
• Clutch binding rate assumed to increase beyond a force threshold (processes that reinforce adhesion) 
• Maximum spreading achieved at an optimal level of viscosity: stress relaxation similar to clutch binding 
• Viscosity serves to stiffen soft substrates on timescale faster than clutch off-rate → enhances cell-ECM 

adhesion and cell spreading, but for substrates that are stiff → no influence as clutches are saturated 

 
3D culture and mechanical confinement 

• Dimensionality affects cell structure, adhesion, signaling (YAP) and nutrient transport 
• 3D cultures support epithelial morphogenesis, hESC pluripotency, differentiated chondrocyte state 
• Increased stress relaxation, creep or loss modulus in gels with adhesion sites promotes spreading, cell 

cycle progression and completion of mitosis and osteogenic differentiation of MSCs 
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• Transcriptional responses cell-type specific → sensitive to different stress relaxation & E-moduli ranges 
• Neural progenitor stemness facilitated by fast relaxation and inhibited in covalent crosslinked hydrogels 
• Chondrocytes and osteocytes can form volumes of interconnected cartilage- or bone-like matrices in 

viscoelastic hydrogels with fast stress relaxation 
• Matrix viscoplasticity enables mechanical remodeling of matrix structure locally and in microtissues 
• Cancer cells can migrate through nanoporous matrices in a protease-independent manner when they 

exhibit sufficient mechanical plasticity → mechanically open up channels via invadopodial protrusions 
• Mechanical confinement: cells are restricted in 3D by surrounding ECM or cells 

o Small pores → migrating cancer cells can’t squeeze their stiff nucleus through 
o Stiff and rigid pores in hydrogels → matrix degradation required for migration 
o Sufficient viscoelasticity/-plasticity enables cells to overcome confinement 
o Properties are coupled: remodeling of viscoplatic matrices alters pore size, degradation changes 

viscoelastic properties and changes in architecture affect both viscoplasticity and degradability 
• Volume expansion (required for growth during cell cycle) → stretch-activated ion channels → signaling 

cascade → inhibited in matrices with slow stress relaxation or elastic 
• Matrix remodeling and deposition enhanced in viscoplastic matrices → mechanical microenvironment 

becomes time-dependent and dynamic 

 
Viscoelastic biomaterials in medicine 

• Imaging → detect mechanical properties → design material to guide desired pattern of gene expression 
from interacting cells and morphogenesis → introduction → regeneration and reconstruction 

• Viscoelasticity key to cell fate in vivo of stem cells incorporated into hydrogels (ability of cellular 
traction forces to remodel the polymers) and hydrogels with more rapid stress relaxation led to greater 
bone regeneration (optimal relaxation time corresponds to that of hematomas) 

• Purely elastic covalently crosslinked synthetic matrices rather than naturally derived physically 
crosslinked viscoelastic ECM → inflammatory instead of regeneration-promoting immune cell response 

• Cellular activity leading to degradation changes the local matrix to more viscoelastic state → difficult to 
separate the two effects 

• Hydrogels: elastic (covalent polymer network), viscoelastic (loose ends to dissipate energy or 
incorporation of non-crosslinked strands), viscoplastic (strands connected by weak crosslinks) 
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VIII. Connective Tissues I: Bone 
Functions 

• Protects internal organs 
• Provides attachment sites 
• Facilitates muscle action and body movement 

Bone ECM 
• Mineral (hydroxyapatite):  

o Hard and rigid 
o Inorganic, 60% of total weight 

• Collagen type I:  
o Flexible and resilient 
o Organic, 27% of total weight 
o Procollagen peptidase cleaves pro-peptides 

• Glycosaminoglycans: bind water, 1.5% of weight 
o Main component of cement lines 
o Mechanically weak (crack propagation) 
o Improves fatigue properties 
o Shock absorption and nutrient transport 

• Water: 10% of total weight 

Bone Cells 
• Osteocyte: sensing of fluid flow → mechanotransduction 

o Interstitial fluid flow in bone can be generated through mechanical loading 
(e.g. bending of bone), muscle contraction, blood pressure, lymphatic drainage 

o Upon mechanical loading and deformation water shoots out of the canaliculi 
o Mineralize the matrix 

• Osteoblast: building 
o Secretion of collagen → secretion of matrix vesicles (enzymes and 

hydroxyapatite) → collagen mineralization → matrix densification → osteoid 
formation (isotropic) → transition into mineralized bone (anisotropic) 

• Osteoclast: resorbing 
o Specialized resident macrophages, multinucleated 
o Degradation of mineralized matrix by H+ (NHA2) and proteinases (Cathepsin K) 
o Ruffled border (site of secretion) sealed by integrins (= sealing zone) 
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Bone Structure 
• Bone development: bone forms differently in different regions 

o Endochondral ossification: at end of long bones beneath joint cartilage surface 
o Sub-membrane ossification: under membranes such as the periosteum 

 
• Multiscale hierarchy 

o Macrostructure: compact bone, articular cartilage, trabeculae, space for bone 
marrow, blood vessels 

o Microstructure: osteon, compact bone has its vasculature built into a channel 
system, osteocyte, osteoclast, osteoblast, lamellae, lacuna, canaliculi 

o Nanostructure: collagen fibril, nanocrystal 
o Sub-nanostructure: tropocollagen triple helix, collagen molecule  

 
• Bone types 

o All bone has a similar composition, but can be differently structured 
o Woven bone: immature bone with randomly oriented fibrils  
o Lamellar bone: mature bone with highly orientated fibers arranged  
o Cortical bone (compact bone): dense cortex, vasculature in a channel system 
o Trabecular bone (cancellous bone, spongy bone), the inner porous structure  

Bone Remodeling  
• Remodeling cycle: reduces collagen crosslinking, keeps our bones “young and tough” 

o (1) osteoclasts begin bone resorption → creates the pit  
o (2) osteoblasts enter the pit → produce bone matrix → calcification 
o (3) osteoblasts become bone lining cells or osteocytes that reside in the ECM 
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• Cortical vs. trabecular remodeling 
o Living osteocytes inhibit bone resorption 
o Osteocytes apoptosis from microcrack formation or nutrient deprivation 

initiates bone remodeling 
o Osteoblasts lay down osteoid, which remodels into lamellar bone  
o Trabeculae are remodeled appositionally / Cortical bone via ‘cone digging’  

 
• Wolff’s Law: use it or lose it 

o Bone remodeling is load-driven (more load = more bone, no load = less bone)  
o Net anabolic/catabolic response = # loading cycles + applied strain 
o Bone will adapt based on stress or demands placed on it (e.g muscle work) → 

remodeling → stronger (e.g. tennis player arm) 
o Osteoporosis: pathological bone loss, disequilibrium between bone resorption 

and formation (e.g. space flight) 

 
Mechanical Properties 

• Hydroxyapatite: inorganic → mineral 
o Strong, brittle and hard 
o Cracks easily 

• Collagen type I: organic → demineralized bone 
o Flexible and resilient 
o Can arrest crack growth 

• Bone: superior properties originate from collagen and mineral 
o Bone tissue is tough (measure for energy stored = AUC)  

= strong and ductile → withstand high stresses and high strains 
o Elastic region: capacity to return to original shape  
o Yield point: until this point, deformation is reversible  
o Plastic region: residual deformation is permanent  
o Failure point: structure will fail, i.e. bone will fracture  
o Ultimate stress and strain: failure stress and strain 
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• Cortical vs. trabecular mechanical properties 
o Cortical bone: stiffer and stronger (higher density) 
o Trabecular bone: more elastic, yield strain up to 50%, 

large energy storage capacity (porous structure) 
o Osteoporosis: 0.3 g/cm3 

• Anisotropy: direction dependent properties 
o Driven by loading direction 
o Optimized load-bearing capacity to minimize strains 
o Spatial distribution of modulus like that of bone can be obtained by changing 

the geometrical size of microstructure 
o Regular parallel collagen alignment into sheets ("lamellae") is mechanically 

strong (in tension) along the axis of the collagens (carry tensile loads) 
o Bone is equally strong in compression, nearly independent of collagen 

orientation (mineral matrix bears compression load) 
o As the bone samples deviate away from the collagen axis, the samples are 

progressively weaker in tension 

 
• Fractures 

o Fatigue fracture: microfracture accumulation, remodeling < fatigue damage 
o Fracture viscoelasticity = energy release 
o Higher strain rates equal complicated fractures and more tissue damage 
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IX. Connective Tissues II: Cartilage 
Cartilage types 

• Hyaline (articular) cartilage 
o Low cell density 
o Type II collagen fibers 
o Shock absorbing and minimize friction 
o At bone-bone contacts 

• Fibrocartilage 
o Strong 
o Type I collagen fibers 
o Oriented in direction of functional stress 
o Deformable shock absorber 

• Elastic cartilage 
o Flexible 
o Network of elastic fibers 
o Shape preserving 

 
ECM Composition 

• Collagen:  
o Structural matrix component 
o Strong in tension 
o Primarily type II 
o 15-22% of total volume 

• Proteoglycans/GAGs:  
o Absorb water for swelling 
o Primarily aggrecan 
o 4-7% of total volume 

• Water: 60-85% of total volume 
• Chondrocytes:  

o ECM maintenance 
o Low density 
o < 10% of total volume 

• No blood vessels and no innervation 
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Structure (“zonal distribution”) 
• Development 

o Primordium (Anlage) with chondrocyte (c) 
o Chondrocytes hypertrophy (h) and recruitment of blood vessels 
o Bone collar (bc) is formed from periosteum, vascularization 
o Primary ossification center (ps) is formed 
o Chondrocytes proliferate and lengthen bone 
o Secondary ossification center (soc) → growth plate with typical columns of 

proliferating chondrocytes (col), articular cartilage develops similar distribution 

 
• Cartilage to Bone 

o Articular cartilage: unique gliding properties and shock absorption 
o Calcified cartilage: transition from soft to harder material via tidemark 
o Subchondral bone: even distribution of load 

• Zonal distribution 
o Superficial Zone: 80% water content, softest layer 

§ Collagen fibers parallel to surface 
§ Chondrocytes elongated 
§ Lubricin responsible for low friction 

o Intermediate Layer: 
§ Collagen unorganized/random 
§ Chondrocytes are spherical 

o Deep Layer: low water content (65%), stiffest layer 
§ Collagen vertical/perpendicular to surface 
§ Chondrocytes are spherical, in columns 

o Tidemark: calcified cartilage, oxygen and nutrient barrier to above cartilage 

 
• Collagen type II 

o Arcade like configuration in articular cartilage (“Benninfhoff Arcades”) 
o Orientation is optimized for load-bearing capacity → enable swelling pressure 

and resist superficial tension 
o High tensile stiffness and strength, but little resistance to compression 
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Load-bearing capacity 
• Donnan Effect 

o Relaxed:  
§ Proteoglycans link to collagen 
§ Swelling draws water into tissue until equilibrium 
§ Swelling is balanced by tensile forces in the collagen fibrils 

o Compressed:  
§ Compression → water exudation → proteoglycans are closer → 

increased FCD and swelling potential → new equilibrium 
§ Reversible: removal of load restores original equilibrium 

• Superficial collagen tension: loading results in alignment of collagen fibrils along the 
axis of tension → increased directional stiffness → resist tension 

• Swelling pressure: proteoglycans have fixed negative charges → attract positive ions 
→ increased osmotic pressure → neutralized by absorbing water → swelling of tissue 
→ collagen resist swelling → swelling pressure 

• Articular cartilage is a fluid-filled porous membrane biphasic medium 
o Interstitial fluid phase → incompressible water (80-90% load sharing ratio) 
o Porous membrane solid phase → ECM (10-20% load sharing ration) 

• Fluid phase 
o Healthy: high porosity and low permeability (water does not flow easily) 
o 𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦	 = 	𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑡𝑜	𝑓𝑙𝑜𝑤	 = 	 !"#$%	'())%

(*)''#*)	+*,%$)-.
	3/

!

0∙'4𝑤𝑖𝑡ℎ	𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒	𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 ≈ 	
2"32#
4

  

o Permeability decreases with increasing strain and increasing pressure 
difference (frictional drag) 

o Non-linearity of tissue stiffness and strain-dependent permeability → high fluid 
exchange under low loads (increased nutrition) but large potential capacity for 
bearing high mechanical loads 

o Inflammatory environment: saturation with fluid of reduced viscosity 
§ Lower viscosity will diminish mechanical pressure gradient for a given 

displacement (compression as volume change of exudated fluid) 
§ More fluid exudation for a given external compressive load 
§ Beneficial for nutrient transport but compromises ability of the tissue 

to bear mechanical loads and can contribute to mechanical breakdown 
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Mechanical properties 
• Viscoelasticity (see previous lecture) 

o Creep: constant applied stress → increased strain until new equilibrium  
o Stress relaxation: efflux of fluid (from surface or sideways) → redistribution of 

collagen, proteoglycans, molecules and water → equilibrium (matrix stress = 
external load) → no further fluid flow 

o Reaching equilibrium in cartilage compression: 
§ Increased fixed charge density → increased repulsive forces 
§ Decreased permeability 
§ Direct ECM compression results in increased bulk stiffness 

o Viscoelastic response is required for nutrition (avascular) and mechanosensing 
§ Direct nuclear deformation, cilia bending, integrin activation and 

cytoskeletal deformation, stretch activated Ca channels 
o Equilibrium modulus: 𝐸6 = .#

7
 

§ Articular cartilage: 10 MPa 
§ Ear cartilage (elastic): 100 MPa 
§ Cortical bone: 17’000 MPa 

• Shear forces: surprisingly high in articular cartilage 
o PGs don’t provide shear stiffness for articular cartilage 
o Shear stiffness originates from collagen and collagen-PG interaction 

 
Degeneration 

• Process:  
o (1) Disruption of collagen-GAG ECM 
o (2) Tissue swelling  
o (3) Proteoglycan washout  
o (4) Increased permeability  
o (5) Decreased cartilage stiffness  
o (6) Tissue fibrillation  
o (7) Increased shear stress and wear  
o (8) Subchondral bone thickening 

• Loss of swelling pressure 
o Inhomogeneous distribution of PGs and collagen → generally increase with 

tissue depth in healthy subjects (variability) 
o OA: less inhomogeneous distribution and less content 
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Cartilage repair 

 
• Cartilage has limited repair capacity: low cell number, low metabolism, avascular 
• Repair strategies: lesion filling, microfractures, temporary joint distraction, implants 
• Microfractures 

o Cartilage defect debrided → microfractures → “superclot” formation 
o Fibrocartilage repair tissue fills the defect (4-6 months) 

§ Hypercellular with proteoglycans and type II collagen content 
o Cellular organization and proteoglycan content improved (12 months) 

§ Downside: contains type I not type II collagen 
• Joint distraction 

o Distraction via coiled springs changes homeostasis 
o Stress deprivation prevents wear 
o Fluid movement improves nutrition and infiltration of MSCs 
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X. Muscle and Cardiovascular Tissues 
Skeletal muscle 

• Striated, very energy-packed, uses more resources than other 
types of muscles, does lots of work 

• Histology: staining 
o Nuclei (skeletal and fibroblasts) → bright red 
o Fibrous connective tissue (tendon) → pale blue 
o Muscles → pink 
o Erythrocytes → orange 
o Tendon muscle junction: tendon in conjunction with skeletal muscle 
o Z lines in between A bands → help to define I bands 
o Elongated nuclei of muscle fibers located on the periphery of muscle cells 

• Skeletal muscle-tendon function 
o CNS (axons of the motor junction) triggers muscle fibers at the motor junction 

(via Ach) → Ca2+ release from the SR → uncovering of actin binding sites 
o ATP (energy provided by mitochondria) powers actin-myosin cross-bridge 

motors (myosin) → ATP hydrolysis → binding → ADP release → contraction 
o ADP → low energy form of ATP, Actin → ratchet substrate that motor acts on 
o Too high forces (myosin can’t go on tearing on active) → static tension 
o Pattern of movements from core of the body also possible (neural circuits that 

don’t go all the way to the brain) 

 
Cardiac muscle 

• Structure 
o Striated (like skeletal muscle), contraction occurs via sliding (actin) filament 

mechanism driven by calcium regulated myosin 
o Cardiomyocytes are short, fat, branched and interconnected by intercalated 

discs and desmosomes (bind neighboring cells together) 
o Some (not all!) cardiomyocytes are self-excitable or autorhythmic → generate 

AP → spreads throughout myocardium → heart contracts as a single unit 
o Gap junctions allow action potentials to spread between cardiac cells → permit 

passage of ions between cells → produce depolarization of heart muscle 
o No individual motor unit and no MU recruitment (unlike skeletal muscle) 
o Longer absolute refractory period prevents tetanic contractions 
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• Action potential 

o Depolarization & Ca2+ induced contraction relies on voltage-gated ion channels 
o Na and K ions largely regulate voltage across the cell membrane 
o Calcium mediates acto-myosin contractile machinery (as in skeletal muscle) 
o Ion pumps and tuned “leak channels” maintain the gradients necessary for 

polarization and depolarization → low Na+ and high K+ intracellular 
o Na and K gates are closed at rest (resting membrane potential RMP = -90 mV) 
o Leak channel is about 100x more permeable to K than Na 
o RMP maintained by balance between outward diffusion force of K ions and 

intracellular electrostatic attractive forces plus the Na/K pump activity 
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• Calcium-induced calcium release:  
o Small influx of calcium through voltage gated channels drives a large release 

from internal cellular stores → rapidly recollected by SERCA ion pumps 
o Depolarization via Na channels → Ca enters cardiomyocyte via L-type calcium 

channels → Ca activates ryanodine receptors (RyR) on the SR → RyR senses 
intracellular Ca and triggers Ca release from the SR → further increase in Ca 
availability in the cell → intracellular Ca returns to SR by SERCA pumps 

o There is also depolarization induced calcium release: Ca binds DHP receptor → 
mechanically coupled to RyR → Ca release 

• General architecture and functioning of voltage-gated ion channel (L-type) 
o Each subunit composed of six transmembrane helices, intracellular N/C termini 
o Voltage-sensor domain (VSD): S1-S4 with 

positive charged S4  
o Pore domain: S5-S6 with the selectivity filter 
o Four subunits tetramerize to form an ion 

channel with a central pore-forming unit 
surrounded by four VSD 

o Change in membrane voltage moves S4 
charges in outward direction → open 

• Cardiac polarization wave 
o Generation and propagation of electrical signals via high conductance conduits 
o Tissue conduits consist of specialized conducting fibers composed of 

electrically excitable cells → larger than cardiomyocytes, many mitochondria  
o These cells conduct action potentials more quickly and efficiently  
o Sinoatrial (SA) node: low frequency (e.g. 50 bpm) autorhythmic tissue zone 

that initiates wave if no external signal is received 
o Atrioventricular (AV) node: tissue node of specialized cells that augments and 

passes the wave from the atria to the ventricles 
o Bundle of His and bundle branch 
o Purkinje fibers: accelerate propagation throughout the ventricle walls 

• Heart muscle contraction:  
o Tightly regulated sequence, critical to ensure appropriate pumping action → 

filling of some chambers and emptying of others at the optimal time 
o Small (pathological) deviations in this sequence can negatively affect heart 

function → inadequate blood oxygenation and nutrient transport 
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• Heart action, pressure and volume 
o Pouch-shaped right atrium (63 ml) receives deoxygenated blood from the body 
o Crescent-shaped right ventricle (120 ml) charged with deoxygenated blood 

from the right atrium 
o Spherically shaped left atrium (45 ml at rest, smallest) receives oxygenated 

blood from the lungs 
o Left ventricle (120 ml, largest) charged by left atrium with oxygenated blood 
o 325-350 ml capacity → 6.5 % of total blood volume (in a typical individual) 
o Stroke volume (SV): volume of blood pumped from left ventricle per beat 

§ Stroke volume = EDV – ESV 
o Ejection fraction (EF): % of blood pumped out of ventricles per contraction 

§ EF% = (SV / EDV) x 100 
o Cardiac output (CO): volume of blood pumped from each ventricle per minute 

§ CO = SV x HR = 70 bpm x 70-80 ml/beat = 5.5 l/min 

 
• Cardiac conduction system and ECG 

o Cardiac cells are linked (intercalated discs synchronize contractions) and tightly 
coupled → action potentials spread from one cell to the next 

o When cardiac cells depolarize, they also contract 
o Activation wavefronts move across the atria at a rate of about 1 m/s 
o Contraction process in the atria (atrial systole) moves blood from the right 

atrium to the right ventricle and from the left atrium to the left ventricle 
o Activation wavefront then moves to AV node → slows to about 0.05 m/s → 

time for the ventricles to completely fill with the blood from the atria 
o After leaving the AV node, the activation wavefront moves the Purkinje system 

→ spreads wavefront very rapidly (about 3 m/s) to cells in both ventricles  
o Activation wavefront spreads through ventricular tissue at about 0.5 m/s → 

simultaneous contraction of both ventricles (ventricular systole) → blood is 
into pulmonary artery (right ventricle) and into the aorta (left ventricle)  

o Electrocardiogram: electrical measure of sum of these cardiac ionic changes  
§ P wave → depolarization of the atria 
§ QRS → depolarization of the ventricles (masks atrial repolarization) 
§ T wave → ventricular repolarization  

o Changes amplitude and duration of different parts of the ECG provide 
diagnostic information 

o Electrocardiography: process of producing an electrocardiogram (ECG) 
§ Recording → graph of voltage versus time of the electrical activity 
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o Electrodes placed on the skin detect small electrical changes due to 
depolarization followed by repolarization during each cardiac cycle (heartbeat) 

o Changes in the normal ECG pattern occur in numerous cardiac abnormalities:  
§ Cardiac rhythm disturbances: atrial fibrillation, ventricular tachycardia 
§ Inadequate coronary artery blood flow: myocardial ischemia/infarction 
§ Electrolyte disturbances: hypokalemia, hyperkalemia 

o Conventional 12-lead ECG 
§ Ten electrodes placed on the patient's limbs and surface of the chest 
§ Overall magnitude of the heart's electrical potential measured from 

twelve different angles ("leads") and recorded over a period (10 s) 
• Lead I (LA-RA), II (LL-RA), II (LL-LA) 
• Augmented limb leads: aVR, aVL, aVF derived from I/II/III 

§ Overall magnitude and direction of the heart's electrical depolarization 
is captured at each moment throughout the cardiac cycle 

§ Depolarization towards the positive electrode → positive deflection  
§ Depolarization away from the positive electrode → negative deflection  
§ Repolarization towards the positive electrode → negative deflection  
§ Repolarization away from the positive electrode → positive deflection  

 
o Deviations 

§ Left axis deviation (LAD): left ventricular hypertrophy, conduction 
defects (e.g. left bundle branch block), inferior wall myocardial 
infarction, pacemaker-generated rhythm or paced rhythm 

§ Right axis deviation (RAD): limb-lead reversal (left- and right-arm 
electrodes), right ventricular overload syndromes (acute or chronic), 
right ventricular hypertrophy, conduction defects (e.g. right bundle 
branch block), lateral wall myocardial infarction 

Summary 
Skeletal muscle Cardiac muscle Smooth muscle 

• Striated 
• Tubular 
• Multinucleated fibers 
• Voluntary 

• Striated 
• Tubular, branched 
• Uninucleated fibers 
• Involuntary 

• Non-striated 
• Spindle-shaped 
• Uninucleated fibers 
• Involuntary 
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XI. Mechanics of Human Movement 
Introduction 

• Biomechanics definition: 
o Study of the mechanics of a living body, especially of the forces exerted by 

muscles and gravity on the skeletal structure 
o Mechanics of a part or function of a living body (organs, tissues or cells) 

• Importance 
o Classically: performance → movement science – basic understanding  

§ Sports biomechanics → performance and movement analysis 
§ Trauma biomechanics → injury 
§ Neuromuscular motor control → motor learning and rehabilitation 
§ Joint biomechanics and clinical research 

o More centrally: biology 
§ Musculoskeletal system → function and disease 
§ Cardiovascular system → function and disease 
§ Many other systems depend on mechanics in less obvious ways 

• E.g. auditory, touch, digestion and others 
• Movement analysis: estimation of 

o Efficiency (energetic cost) 
o Power (acceleration) 
o Stability (resistance to impulse) 
o Joint loads (“wear and tear”) 

• Analysis of joint reaction forces (JRF): 
o External forces and moments 
o Internal forces and moments → exposed by free body diagram construction 

§ Muscle moment arms → joint center and muscle lines of action 
o Muscle activity and levels 

§ Overdetermined problem → solution optimization 
§ Energetic cost minimization, stability, power, tissue overload avoidance 

Movement science (“classic biomechanics”) 
• Human skeletal system – operating principle 

o Kinematic mechanism → jointed bones, stabilized by: 
§ Ligaments and muscles (engaging the bony surfaces of the 

joints) 
o Dynamic actuators → muscles and tendons 

§ Movement and exerting force against the outside world 
§ Move a joint → concentric (+ power), co-contraction 
§ Stabilize a joint → isometric, co-contraction 
§ Dampen movement (energy dissipation) → eccentric (- power) 
§ Flexors & extensors work together → one contracts other elongates  
§ Tendon store and then releases energy when the joint is unloaded 
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• Muscle energy storage and dissipation 
o Shock absorber  

§ Functions as a damper when a non-compressible fluid is driven past a 
piston → kinetic energy converted to heat 

§ In series with a spring → stretching the spring-shock → spring tension 
or shock extension 

§ Depends on both magnitude and time course of the force produced 
o Active muscle behaves like a shock absorber-spring complex when lengthened 

during an eccentric contraction  
o Hiking downhill: nearly all of the energy that stretches the active muscle lost as 

heat (extension of the shock) 
o Running mammals: store most of the energy required to stretch the muscle as 

elastic recoil potential energy (extension of the spring) → can be recovered on 
the subsequent stride 

o Time course of stretch and recovery of elastic recoil energy are dependent on 
both the magnitude of the forces involved as well as the compliance (spring 
property) of the muscle/tendon unit 

o Both depend on body size → small animals move with higher stride frequency 
• Multiple muscles could generate the movement → prioritization for nerve actuation? 

o Effective muscle recruitment depends on the goal 
o E.g. power, stability, energetic cost, injury avoidance? 

• Function behind anatomy and movements 
o Skeletal system function → movement, “Design goal” → survival 

§ Energetic efficiency (metabolic cost), power (fight or flight, Darwinian 
competition), avoid damage, quick and effective repair 

o Repetitive movements (walking, distance running) → governed by energetic 
considerations (efficiency) → survival when food is scarce 

o Power movements → power maximization → survival against threats 
o Both critically constrained → survival by avoiding injury 

§ Avoid soft tissue overload (cartilage, tendon, muscle) and keep the 
joint stable → overload sensors in tissues, ligaments and joint capsules 

§ Too much power→ tendon rupture, repetition→ fracture/inflammation 
• Joints 

o Functional center and axis of rotation often complex 
→ change during motion and small differences can 
lead to large differences in muscle recruitment 

o Example: what are the forces on the ankle joint? 
o Means to describe the relative movement between 

two jointed bodies (bones) 
§ Rotational matrices (e.g. Euler angles) → 

describe rotations around 3 axes 
§ Joint coordinate systems → quantitative description of movement 
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Tools in movement science 
• Force plates → ground reaction forces (FRF) 

o Allow precise localization of external forces (3D) on the body 
o Precision allows analysis of extremity joint loads (ankle, knee, hip) 

• Motion capture (“Mocap”) → joint kinematics 
o Process of recording movement of objects or people 
o Subject wears markers near each joint to track segment motion by the 

positions or angles between markers 
o Marker types: acoustic, inertial, LED, magnetic, reflective or combinations 
o Optimally at least two times the frequency rate of the desired motion 
o Usually with (sub)millimeter positional accuracy for human joint measurement 
o Error: surface tracking and analysis are indirect reflection of bone movement 
o Underlying physical model of the body segments plays an essential role in 

biomechanical analysis (joint constraints on possible degrees of freedom) 
• Inverse dynamics → muscle recruitment 
• Finite element analysis → joint and material stresses 
• EMG → muscle activity 

o See if a muscle is active or inactive, can also give a very rough idea of 
contraction magnitude (force generating capacity) and telltale signs of fatigue 

o Detects electrical potential generated by muscle cells when they are 
electrically (neurologically) activated → amplitude proportional to force 

o Analyze to detect medical abnormalities, activation level or recruitment order 
o Signals are made up of superimposed motor unit action potentials (MUAPs) 

from several motor units → measured EMG can be decomposed into MUAPs 
o EMG decomposition is non-trivial, many methods have been proposed 
o MUAPs from different motor units tend to have different characteristic shapes 

 
Applications of movement science 

• Training and performance, running shoe design, orthopedic implant design 
• Clinical gait analysis → crouch gait after cerebral palsy (damage to motor cortex) 

o Data (Mocap, GRF, EMG) → modeling → kinematic, kinetic, muscle activity 
o Root of pathology: muscle recruitment/spasticity or anatomical (muscle-

tendon units’ length) 
o Surgical planning to alleviate muscle contractures in children with cerebral 

palsy (tendon lengthen to alleviate effects of chronic contracture) 
• Calculate joint reaction forces as input to FEM → estimate stress on the joint surface 
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Take home messages 
• Clinical gait analysis, basic study of human locomotion and joint function and 

human sports performance are few important applications of “movement science” 
• The functional anatomy of a human joint can be critically evaluated in mechanical 

engineering terms of energetic efficiency, power and tolerance for mechanical loads 
before breaking 

• Nature seeks a balance of these elements to ensure survival 
• Motion capture, external boundary inputs at force plates and muscle activity (EMG 

helping to identify muscle activation) is often used in combination with anatomical 
models to predict muscle recruitment and joint loads (forces and movements) 

• Accurate measurements of kinematics are important, as small errors in calculations 
of the joint center and axes can lead to large differences in predicted muscle 
recruitment, joint loads and forward predictions of movements 

• How to calculate joint reaction forces: 
1) Free body diagram 

  
2) Calculate moment equilibrium 

§ Moment = Force (F) x Distance (d) 
§ Assuming a typical human muscle moment arm (MA) of 50 mm 
§ Moment Balance = FMMA = WLx1 + WDx2 

3) Calculate force equilibrium 
§ Muscle force vertical component: FMY = FM x sin(a) 
§ Muscle force horizontal component: FMX = FM x cos(a) 
§ Vertical balance: Ry = FMY – WL - WD 
§ Horizontal balance: Rx = FMX 

4) Calculate JRF = F𝑅?8 + 𝑅-8 

• Tools to measure 
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XII. Functional Anatomy: Knee and Elbow  
Introduction joint biomechanics 

• Types: 
o Pivot joints: between C1 and C2 vertebrae, 1 DOF 
o Hinge joint: elbow, 1 DOF 
o Saddle joint: between trapezium carpal bone and 

1st metacarpal bone, 2 DOF 
o Plane joint: between tarsal bones, 2 DOF 
o Condyloid joint: between radius and carpal 

bones of wrist, 2 DOF 
o Ball-and-socket joint: hip, 3 DOF 

• Tradeoff: mobility vs. stability 

 
Anatomy 

• Bones 
Fibula Radius 

• Not part of the knee joint 
• Stabilizes ankle joint  
• Supports muscles 
• Connects lateral collateral ligament 

• Part of the elbow joint  
• Found lateral (on the outside) 
• Feel radius and ulna twisting 

• Joints 
o Patellafemoral joint → saddle joint 
o Radiohumeral joint → limited ball-and-socket joint 
o Radioulnar joint → pivot joint 

Tibiofemoral or femorotibial joint Ulnohumeral or humeroulnar joint 

• Condyloid hinge joint 
• No fixed instant center of rotation 
• Fibula is not part of rotation  
• Rotation possible during flexion, 

hardly during extension 

• Typical hinge joint 
• 1 “fixed” center of rotation 
• 180o rotation of radius around ulna, 

possible during flexion and extension 
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Patella Elbow 

• Extension dominant in the knee 
• Lengthens the lever arm, especially 

in extension 
• Patella groove provides joint stability 

• Lever achieved by biceps-radius 
attachment, away from the hinge 

• Flexion is dominant, much shorter 
lever arm in extension 

 
Interosseous membrane 

• Stability of the lower leg 
• Transmits forces 
• Longitudinal forces: 100% tibia → 

femur 

• Stability of the forearm 
• Transmits forces 
• Separates tissue during twisting 
• Longitudinal forces: 57% radius vs. 

43% ulna → humerus 

 
Summary 

• Knee primary function is extension, while elbow primarily provides flexion 
• Fibula does not participate in the knee joint, while radius does in the elbow 
• Radioulnar joint enables forearm twisting, knee can rotate inflexion 

 

Cartilage and Meniscus 
• Cartilage structure is similar for both joints, although approx. 2x thicker in the knee 

(proportional to forces) 
• Both knee and elbow are synovial joints 

 
• Osteoarthritis: loss of joint space 

Knee Elbow 

• Prevalence (symptomatic): 12 % 
• Affects “all” ages 
• W more susceptible (menopause) 
• Risk factors: overuse, skeletal 

deformation, joint laxity 

• Prevalence (symptomatic): 2% 
• Rarely diagnosed in individuals < 40y 
• W more susceptible (menopause) 
• Risk factors: overuse, skeletal 

deformations 
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• Meniscus 
o Stabilizes the knee and assists in shock absorption → condyloid joint good as 

dealing with compression but not with shear → menisci take up shear forces 
o Case of meniscus at the elbow joint → limitation of extension  
o Injury repaired with sutures → damaged meniscus taken out because it cannot 

heal itself (= total meniscectomy) → osteoarthritis  
Knee Elbow 

• 60-70 % Water 
• 75 % dw type I collagen  
• 1.5 % dw proteoglycans 
• Fibrochodrocytes (fibrocartilage) 
• Stability due to wedge effect 
• Optimized load distribution 

• 65-85 % Water 
• 60 % dw type II collagen 
• 12.5 % dw proteoglycans 
• Chondrocytes (hyaline cartilage) 
• Stability from hinge joint 
• Load transfer through 2 joints 

 
Ligaments and Tendons 

• Ligaments connect bone to bone, tendons connect muscle to bone 
• Limit excessive movement 

Knee Elbow 

• MCL and LCL 
• Additional stability: ACL, PCL and 

menisci 

• MCL and LCL 
• Additional stability: joint type and 

annular ligament 

 
• Varus (O) and valgus (X) stress 

Knee Elbow 

• Restrain to varus stress:  
o Meniscus wedging 
o LCL 

• Restrain to valgus stress 
o Meniscus 

wedging 
o MCL 

• Restrain to varus stress 
o Ulnohumeral 

articulation (91%) 
o Anterior capsule 

and LCL (9%) 
• Restrain to valgus 

stress 
o MCL 



Seite 101 von 113 
 

• Injuries: fairly high regenerative potential due to blood clot formation 
Knee Elbow 

• Turn LCL and MCL 
• Turn ACL  

o Anterior tibia displacement  
o Internal knee rotation 
o Hyperextension 

• Turn PCL 
o Posterior tibia displacement  
o External knee rotation 

• Pediatric reconstruction → take part 
of the tendon → replace ACL 

 

• Torn ulnar collateral ligament 
• Quadrate ligament prevents hyper-

supination 
• Nursemaid’s elbow: kid’s ligaments 

commonly don’t tear at the middle 
of the ligament but at the 
attachment to the bone 

 
Kinematics 

• Kinematics: analyzes motion of objects without reference to forces causing the motion 
• Type of joint 

Knee: condyloid hinge joint Hinge joint 

• Rotation around 2 axes 
• 3rd axis blocked by MCL and LCL 

 

• Rotation around 1 axis 
• Other axes blocked by joint 

shape and collateral ligaments 
Pivot / Hinge joint 

• Rotation around 2 axes 
• 3rd axis blocked by joint 

shape and collateral 
ligaments 

• Flexion and Extension  
Knee Elbow 

• Flexion limitation: tissue contact 
• Extension limitation: ACL  
• Instant center pathway: semicircular 
• Motion at articulating surfaces is a 

combination of rolling and sliding 
• Condyles radius gradually reduces 
• ACL and PCL guide into natural motion 

 

• Flexion limitation: tissue contact 
• Extension limitation: olecranon 
• Instant center of rotation is fixed 
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o Menisci: maintain congruency → maximize contact area 

 
 

• Rotation 
Knee Elbow 

• External: 18o in flexion, 9o extension 
• Internal: 25o in flexion, 10o extension 
• More rotation in extension → hip  

 

• Supination and pronation 90o 
• More “false” rotation in extension → 

shoulder joint 

 
• ACL and MCL tensioned in extension, 

pushing condyles into menisci 
• Medial condyle larger than lateral, 

rotational axis blocked by menisci 
• Rotation in extension thus resisted 
• Tibiofemoral joint: extension 

associates with rotation 
• Non-hinging due to shape of medial 

femoral condyle, tension in ACL, 
lateral pull of quadriceps 

 

• Unique of the arm: elbow can be 
twisted without repositioning 
shoulder and wrist 

• Role in finding the maximal force 
output (e.g. opening a jar) 

• Elbow joint: independent rotation 
(pronation/supination) and flexion/ 
extension 
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• Adduction and Abduction 
Knee Elbow 

• Abduction: MCL and meniscus 
• Adduction: LCL and meniscus 
• Lateral meniscal tear facilitates 

abduction (valgus) 
• W more valgus due to wider pelvis 
• Valgus provides same stability 

• Adduction: joint geometry (and LCL) 
• Abduction: MCL 
• Natural valgus: carrying angle 
• Shorter forearm bones → greater 

carrying angle 

 
 

Knee range of motion controlled by: 
• Ligaments: extension, abduction, adduction, rotation 
• Condylar shape and menisci: translation and rotation 
• Soft tissue contact: flexion 

Elbow range of motion controlled by: 
• Ligaments: adduction and abduction 
• Humeroulnar shape: adduction 
• Radioulnar shape: pivot joint for 180o rotation 
• Olecranon process and fossa: extension 
• Soft tissue contact: flexion 

 

Kinetics 
• Patella:  

o Slides over the trochlear notch of the femur during flexion-extension 
o Resultant force is low in extension and potentially very high in extension 
o Two mechanisms reduce patella reaction force 

§ Lever arm is reduced because meniscus slides posterior 
§ Patella sinks into patella groove 

   
• Meniscus 

o Superior properties (structural, compositional, deformability) to absorb and 
distribute imposed load 
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o Function:  
§ Shock-absorption 
§ Increase congruency (fit) and area of contract (load distribution) 
§ Deepens the articulation (stability) 

o Wedge shape:  
§ Compression has radial component 
§ Expands meniscus outward 
§ Hoop stresses 
§ Increased area of contact (shock absorption) 
§ Less contact between opposing cartilages in flexion 
§ Transmits 50% of the loads in extension, 85% in flexion 

  
 

• Dynamic analysis 
o Example: optimize pitch technique, pitch faster, prevent (elbow) MCL injuries 

associated with late trunk rotation, reduced shoulder external rotation and 
increased elbow flexion 

a) Markers on anatomical landmarks to scale generic model  
b) Determine specific knee alignment  
c) Condyle shapes  
d) Whole body scan to estimate body part masses  
e) Subject-specific alignment and condyle contact locations.  
f) Joint angles during gait  
g) Reverse calculate muscle forces  
h) Calculate medial and lateral contact forces (green arrows)  
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XIII. Shoulder Implant Biomechanics 
Shoulder anatomy 

• Shoulder girdle is formed by segments and articulations associated with the thorax, 
clavicle, scapula and humerus 

• Shoulder joint consists of two joints: 
o Glenohumeral joint → scapula and humerus 
o Acromioclavicular joint → scapula and clavicle  

• Scapula: complex anatomy, glides on the back of the thorax 
• These various contacts determine kinematics and require exquisite muscle 

coordination to correctly position the scapula and the humerus 
• 4 rotator cuff muscles (supraspinatus, infraspinatus, teres minor, subscapularis) are 

active joint stabilizes and provide rotation function 
• Prime movers: pectoralis major, deltoid, latissimus dorsi 

o Outer muscles (most superficial) → larger moment arms and size 
o + sign of moment arm (0-90o) → abductor; - sign → adductor 

• Co-contraction stabilizes the joint, but also results in large compressive forces 
o Agonist and antagonist simultaneously activated → force couple → resultant 

compressive force at glenohumeral joint → press humerus into glenoid 

 
Diseases and injuries 
Rotator cuff tears 

• 1.6 people over age 60 per 1000 per year, 50% of people in their seventies and over 
80% of age 80+ will suffer a full-thickness rotator cuff tear 

• Most shoulder pathologies are driven by joint instability, most often caused by rotator 
cuff tendon insufficiency → handled by soft tissue repair 

• Small to large to complete tears in the rotator cuff tendons diminish the ability of 
these muscles to compress the joint 

• Rotator cuff tears that are not repaired can lead to fatty infiltration 
• Prolonged loss of upper limb motion due to joint pain and instability (rotator cuff 

tears) can lead to osteoarthritis 
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• Surgical repair of massive tear: often repaired using sutures and bone anchors, goal is 
to close the cuff and fully anchor it to the bone 

o Larger tears are more difficult to repair → repairs often fail 
o Reported re-tear rates of massive tears 20-90% 

• Primary stability: suture hold in degenerated tendon 
• Secondary stability: restoring the enthesis 

o One major cause of failed repair is inability to regenerate the enthesis 
o Highly specialized tissue transition → interlocked collagen fibers progress from 

mineralized (bone) to non-mineralized (tendon) 
o Transfer high forces over high surface area → minimize material stress 
o MedTech devices promoting enthesis regeneration major research area  

 
Osteoarthritis 

• 1.4 people per 10’000 per year 
• Fairly rare affliction, affects about 3 out of every 20’000 in the population 
• Joint replacement is the main way to treat pain associated with this disease 

 

Shoulder arthroplasty  

 
Total shoulder arthroplasty (TSA) 

• Anatomic design → humeral ball and scapular socket 
• Gold standard for treatment of end stage osteoarthritis 
• Treatment of severe pain, reduced RoM and loss of muscle strength 
• Complications: post-operative rotator cuff tears (most commonly supraspinatus) 
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o May be caused by impingement (increased contact pressure and wear) 
between implant (humeral-head component) and rotator cuff tendons 

o Might also reflect that the joint is generally degenerative and be caused or 
accelerated by joint inflammation of tissue disease 

o Experiments on human cadavers confirm that TSA increases peak contact 
pressures on the tendon when the shoulder is elevated 

o Measured using pressure sensitive films that reveal the contact pressure 

 
Reverse total shoulder arthroplasty (RTSA) 

• Non-anatomic design → humeral socket and scapular ball 
o Scapular ball = glenoid sphere (anatomical subregion of the scapula) 
o Compromises 1/3 of all shoulder arthroplasties performed in USA 
o Rotator cuff tears and arthritis present in 80% of cases 

• Used in treatment of (massive) rotator cuff tendon tear (re-tear common for larger 
tears), trauma (proximal humeral fracture), revision arthroplasty and tumor resection 

• Modular implants 
o Start with anatomic and revise to revers if/when rotator cuff tendons fail 
o Prevents need to remove the implant from the bone → technically difficult 

and may not leave enough bone to place the second implant 
• Semi-constrained articulation stabilizes glenohumeral joint in absence of rotator cuff 
• Implant design pushes glenohumeral joint center of rotation towards body midline → 

increased moment arms of rotator cuff muscles (humerus more inferior) → restores 
RoM even when rotator cuff muscles and tendons are otherwise “insufficient” 

• Moment arm of the deltoid also increased, primary mover of the shoulder in 
elevation, requires substantial help from the supraspinatus, particularly at the 
beginning and end of lifting motion 
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• Complications: RSA can restore RoM but comes with its own risks 
o Rates 10-68% (up to 90% in smaller studies) 
o Dislocation accounts for 44% of complications 
o Implant designs that avoid bony impingement (e.g. during adduction 

or external rotation) → but still very high rates of loosening 
o Major complication is loosening of the implant → strange bone loads 

and mechanobiologically driven bone remodeling involved 
o Altered anatomy → altered bone loads → bone remodeling 
o Edge loading in TSA and suspected glenoid base plate rocking 

• How to quantify muscle and joint function after RSA  
o Use measurement and modeling i.e. in vitro, in vivo, in silico 
o Muscle moment arms 

§ Muscle moment arm (muscle leverage) = perpendicular distance 
between muscle line of action & joint center of rotation which it spans 

§ Shoulder joint can be passively abducted and the moment arms of the 
shoulder musculature measurand using tendon-excursion method 

§ Low moment arms of the deltoid at 0o abduction → major reason for 
lost RoM if supraspinatus compromised (large moment arm at 0o) 

§ RSA gives the deltoid substantially more leverage in a neutral posture 
→ increased moment arm of anterior and middle deltoid, posterior 
recruited as abductor (adductor pre-op) → same force→ 4x moment 

§ While ability for elevation can be restored, other functionality may be 
compromised → difficult to predict which patients will respond poorly 

• E.g. posterior deltoid internal rotator at high elevation → 
external rotator during flexion) 

 
o Muscle lines of action 

§ Unit vector direction of force produced by a muscle → muscle 
stabilizing or destabilizing potential 

§ Changed line of action → changed resultant forces at the joint → bone 
adaptation (beyond adaptation to implant bone anchorage itself) 
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o Muscle force 
§ Cannot be measured non-invasively → accurate prediction difficult 
§ Patient-specific musculoskeletal models can estimate muscle forces 

using physiological cost functions and constraints 
§ Models should be derived and validated using experimental data (e.g. 

cadaveric testing, instrumented implants etc.) 
§ 3D motion analysis and muscle EMG (surface and fine-wire 

measurement) → EMG challenging and limited in the insight provided 
§ Robotic exoskeletons to augment muscle and joint function (e.g. 

weightlessness) → accurate and precise assessment of external loads  
§ Smaller mean & peak deltoid and rotator cuff forces (larger lever arms) 
§ Muscle force peaks occur at different joint positions post-op 
§ Anatomic and native forces generally similar shapes, but can differ 

depending on how moment arms are affected by implantation → 
glenoid resection depth and angle, anatomical offsets of humeral head 
center of rotation 

 
o Joint force 

§ Lower average joint compression post-op (smaller muscle forces) 
§ Larger average superior joint shear post-op (changed muscle lines of 

action and reduced joint compression) 
§ RSA and insufficient cuff features reduced compressive forces and 

decreased ability to recenter joint against shearing forces 
§ Reduced mean glenohumeral joint translations during abduction and 

flexion post-op → increased moments/shearing on glenoid component 
§ RSA more constrained than an anatomical TSA and native shoulder → 

more torque at joint interface and interface between glenoid 
component and glenoid bone → common site of implant loosening 

§ Instrumented shoulder prosthesis revealed that most models for 
muscle recruitment overpredict joint forces 
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o Bone and implant stresses 
§ Finite element models can be used to interrogate stresses and strains 

in bone, soft-tissue and implant components 
§ Typically developed from medical imaging data, CAD files of implants 

and “virtual surgery) 
§ Finite element modeling widely used to guide implant design → 

optimize load distributions in bone → avoid implant loosening 
§ Largest stresses with intact and supraspinatus deficient shoulder 
§ Larger stresses in flexion than abduction and in superior screw than in 

inferior (baseplate bending forces) 
§ Infraspinatus tear disrupts transverse plane force couple (8x less JF) 
§ → joint loading is sensitive to status of the rotator cuff 

 

Summary 
• Joint replacement surgery performed for treatment of end-stage osteoarthritis 
• Anatomical TSA performed when rotator cuff muscles are intact 
• RTSA performed when rotator cuff tendons torn (unstable joint) 
• Tears to the rotator cuff result in large decreases in joint force and implant stresses 

(shoulder more prone to instability) 
• Increase in muscle leverage after RTSA reduces muscle and joint loading (movements 

more efficient) 
• Greater superior joint shear post-operatively 
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Paper “Host Response to Implanted Materials and Devices” 
Introduction 

• Host response is not only influenced by material, but also by local and systemic host environment  
• Early response follows wound healing cascade → positively or negatively influenced by material → 

remodeling, persistent inflammation, encapsulation (FBR) or adaptive immune response 
• Long-term functional outcome determined by the host response 
• Immediate events after implantation include immune response to the 

biomaterial and response to unavoidable tissue injury (surgery) 

 
Innate Immune Response 

• Homeostasis: injured ECs → platelets adhere to basement membrane → coagulation → fibrin clot 
• Inflammation: damaged cells release cytokines and chemokines → neutrophil influx → macrophage 

influx (24-48h later) → proteolytic enzymes degrade debris and ECM 
• Acute inflammation lasts 3-5 d → neutrophil persistence indicates chronic inflammation 
• Scar/granulation tissue formation: fibroblast and ECs proliferate → ECM remodeling and angiogenesis 
• Foreign body reaction: macrophages attempt to engulf debris > 50-100 𝜇𝑚 → FBGCs → activated 

fibroblasts produce fibrous capsule → remains in steady state as long implant is present 
Adaptive Immune Response 

• Antigen → macrophages and DCs → internalization and processing → MHC presentation → T cells 
• Antigen typically pathogen, but can also be particles, ions or degradation products from implants 
• CD4+ Th cells → Th1 (pro-inflammatory), Th2 (anti-inflammatory) → cytokines regulate inflammation 
• Th2-like secretory response implicated in gradual development of FBR 
• Biologic scaffold derived from porcine small intestinal submucosa (SIS) → Th2 cytokine expression → 

constructive remodeling and graft acceptance (no rejection up to 2 years) 
• DC activation by adhesion to albumin/serum-coated tissue → Th2, while adhesion to collagen and 

vitronectin → Th1 → provisional matrix formed by adsorption influences adaptive immune response 
Macrophages and Constructive Remodeling 

• Respond to all implanted materials: synthetic (metals, ceramics, cements) and natural (collagen, ECM) 
• Function: antigen presentation, debris clearance, resolution of inflammation, tissue regeneration 
• Constructive remodeling: replacement of injured by functional tissue (facilitated by implants), typically 

occurs when early innate response shifts from pro- to non-inflammatory, regulatory environment 
• Macrophages can be activated to pro-inflammatory (M1) and regulatory (M2) phenotype 
• Pro-inflammatory macrophages produce IL-1b, IL-6, TNFa, iNOS and can induce a Th1 response 
• Th2 crosstalk with regulatory/anti-inflammatory macrophage phenotype (M2) 
• Macrophage depletion from peripheral blood → prevents efficient implant degradation → inhibits 

constructive remodeling 
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Biomaterials Host response 
• Biomaterial-related factors of clinical outcome: mechanical properties, composition, surface 

topography, ability to resist infection, degradability etc. → but ultimate determinant is host response 
• Later phases and clinical outcome of tissue repair process greatly vary depending on biomaterial (in 

contrast to early phases) → starts with protein adsorption 
• Homeostasis and Vroman effect → temporary fibrin-rich matrix → bridge between implant and tissue 
• Degradable → bridge facilitates cell migration and gradual infiltration into biomaterial 
• Non-degradable → temporary matrix serves as interface between implant and host 
• Biomaterials which promote M1 → encapsulation scar tissue and seroma (serous fluid) formation  
• Biomaterials which promote M2 → stem cell recruitment/proliferation, constructive tissue remodeling 

Biologic vs. Synthetic Biomaterials 
• Synthetic: tunable properties, replicable manufacture, cost effective, foreign body reaction 
• Biologic: immunomodulatory, promote constructive remodeling, high variability and cost 
• Hybrid: combined properties → immunomodulatory component and tunable structure 

ECM as biologic scaffold 
• Both structure and composition promote constructive tissue remodeling 
• Function: provide form and structural support, biomechanical properties to different tissues, 

mechanical and biochemical cues → development, homeostasis and response to injury 
• Dynamic reciprocity with local microenvironment (cells and ECM influence each other) 
• Main components: collagen, fibronectin, laminin, growth factors, cytokines, GAGs 
• ECM degradation→ enzymatic cleavage, protein multimerization, molecule adsorption to other ECM 

components, cell-mediated mechanical deformation, denaturation → matricryptic peptides  
• ECM composition depends on tissue to which it belongs/where it was harvested from 
• Factors affecting response: proper ECM decellularization, age of animal, post-processing modifications 

(chemical crosslinking, solubilization), bacterial & endotoxin contamination, methods of sterilization 
Orthopedic Implants 

• Screws, plates, wires, rods, external fixation devices → metals, plastics, ceramics 
• Response to surgery depends on size of injury, location, surgical technique, pathologic conditions in 

local microenvironment, overall health, pathogen contamination of the wound site etc.  
• Primary function of musculoskeletal system: structural and mechanical support → implants must 

provide structural support (in contrast to deposition of functional tissue in soft tissue/organs) 
Clinical Considerations → mitigate inflammatory response 

• Modulate protein adsorption → modulate surface chemistry to limit/restrict macrophage activation 
• Material geometry improves biocompatibility: surface topography, roughness, porosity, size, shape 
• Identification of signaling molecules that promote permissive microenvironmental niche (biomaterials 

that possess or attract them) → growth factors, antibodies, drugs, adhesion molecules (CD47 = “self”) 
• Mechanics: mimicking load bearing or elastic/contractile features, can influence myofibroblasts (major 

source of collagen production in fibrosis) → properties will anyway be modified by the host 
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