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1. Introduction/Historical Perspective (M. Zenobi-Wong) 

1.1 What do Materials and Mechanics have to do with Medicine? 
Materials in Common Medical Devices 

- Finger joint  - Hip joint 

- Breast implant  - Artificial heart 

- Heart valve  - Intraocular lens (IOL) 

 e.g. titanium quite good accepted in the body 

Numbers of Medical Devices/yr. worldwide 

 

- 100 Billion Dollar industry 

- Millions of lives saved -> the quality of life improved for millions more 

- depends where and how one implants the devices 

- sometimes a mixture of Polymer and Metal 

- third category: ceramic -> but not often seen 

 

Mechanics in Medicine 

• Understand the structure/function relationship of biological systems  

• Design of medical devices with mechanical compatibility  

• Mechanics of cellular processes (mechanosensing, mechanotransduction) 

Problem associated with hip implant: stress shielding  

1. Healthy bone: Stress is applied to the top of the femur 

and is transmitted through the trabeculae of the 

cancellous bone. The stress is then transmitted through 

the cortical bone 

2. Femoral implant: Stress is applied to the top of the 

femur and the higher modulus of the implant material 

means stresses are transmitted down the stem of the 

implant. As a result, less stress is carried by the bone in 

this region, so resorption is likely to occur. -> atrophy 

1.2 A Brief History of medicine: From art to evidence-based science 
How old is medicine? 

Prehistoric “Aspirin” found in sick Neanderthal’s teeth 

 

When was the first surgery performed ? 

Trepanning is the Oldest Documented Surgical Procedure 

• Neolithic Skull 6500 BCE  

• 30% of skulls were drilled in some sites -> a whole was made in the bone (in the skull) and this was seen, because 

there was bone formation around the whole 

• World-wide use (Egypt, Greece, Asia, Americas, Russia)  

• Performed on living patients (because there was no anesthesia) 

 

Trepanning Instruments 

-> with time the tools became more and more sophisticated  
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Why did this gruesome and ineffectual technique survive for 1000s of years? 

Prehistoric to Ancient Medicine  

• Illness is caused by evil spirits and demons  

• A shaman or medicine man communicated with the spiritual world by chanting, clapping, dancing or drumming  

• Treatments include offerings, spells, sacrifices (illness is the patient’s fault)  

• Divination is used to determine the cause and treatment  

• Cure is when the spirit causing the disease is driven out 

Second Oldest Surgery: Bloodletting 

-> to make the patient bleed 

Imhotep (2650-2600 BCE)  

• Father of Medicine in Ancient Egypt: Treated 200 diseases including tuberculosis, gallstones, appendicitis, arthritis 

• The Channel Theory – 46 channels in the body (vessels, intestines, tendons) 

• Flow through channels was responsible for good health. All body fluids (tears, blood, semen, urine) circulated 

through the heart.  

• Disease was caused by blocked channels and treated with laxatives, emetics, purges, prayers and bloodletting 

• Treatments now focused on the body rather than talking with the spirits. 

Hippocrates (460 - 370 BCE) 

• His Oath: “I will use treatment to help the sick according to my ability and judgment, but never with a view to 

injury and wrong-doing.”  

• “Sickness is not sent by the gods”: Disease is natural phenomenon, not caused by spiritual or supernatural forces  

• No autopsy, so diagnosis of disease by scientific, wholistic 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 

 

 

 

 

 

 

Claudius Galen (129-216 CE)  

• Wrote 400 volumes of medical text (with many errors)  

• Expanded the role of the body humors  

• Correct human imbalance:  

• Fever – Blood letting  

• Yellow Bile – Cupping  

• Black Bile – Vomiting 

 

 

 

Blood-Letting from Ancient Greece to 18th Century 

- to correct the imbalance of the blood 

- e.g. 1685. King Charles II (Bled 24 oz: 708 mL) or 1799: George Washington (Bled 80 oz: 2) 
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Spreading of Bubonic Plague or Black Death 

- began ~1350 in Asia and needed 15-20 years to come to Europe 

 

Miasma Theory – Putrid Smells are the Cause of Disease 

- Bad air «mala aria» is the source of disease 

- Pomander to cleanse air with herbs and spices 

 

Andreas Vesalius (1514-1564)  

• Publishes ”De Humani Corporis Fabrica” 1543  

• Corrects Galen’s anatomical errors (nerves do not run between organs, no pores in the septum of the heart)  

• Demonstration of human anatomy by dissection (executed criminals) 

 

William Harvey - 1578-1657  

Marcello Malpighi 1628-1984  

• Harvey publishes De Motu Cordis (On the motion of the Heart) in 1628 explaining human circulation  

• Malpighi discovers capillaries in 1661 

 

James Lind (1716-1794) – First Clinical Study  

“On the 20th of May 1747, I selected twelve patients with scurvy, on board the Salisbury at sea. Their cases were as 

similar as I could have them. They all in general had putrid gums, the spots and lassitude, with weakness of the 

knees. They lay together in one place, being a proper apartment for the sick in the fore-hold; and had one diet 

common to all…. Two were ordered each a quart of cider a day. Two others took twenty-five drops of elixir vitriol 

three times a day … Two others took two spoonsfuls of vinegar three times a day … Two of the worst patients were 

put on a course of sea-water … Two others had each two oranges and one lemon given them every day …” 

 Vitamin C were able to treat scurvy 

 

Science & Technology Take Charge (1800-1900)  

• Microscopes allow discovery of germ theory  

• Stethoscopes  

• Anti-Septic and Aseptic Surgery  

• Anesthesia 

 

John Snow (1813-1858)  

• Father of Anaesthesiology and Epidemiology  

• Introduces ether and then chloroform during surgery -> before this the patients were awake in the surgery 

• Number of surgical deaths increases! -> because the surgeons were going more in depth causing more infections 

• Made a Cholera Map from 1854 (-> detected that a water fountain was the source of the disease) 

 

Ignaz Semmelweis (1818-1865)  

• 1847 Allgemeines Krankenhaus der Stadt Wien had high death rates in one of two maternity wards  

• Introduced handwashing with calcium hypochlorite 

• Findings largely ignored due to strong belief in 4 humors 

 

Joseph Lister (1827-1912)  

• Publishes “Antiseptic Principle of the Practice of Surgery Translated” in 1867  

-> Antiseptic = bacteria is there and try to kill them 

-> Aseptic = surgical procedure that prevents the entry of microorganisms at all 

• Applied germ theory to the OR  

• Got surgeon’s to accept germs existed  

• Eventually replaced by aseptic technique (sterilization) 
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Louis Pasteur (1822-1895)  

• Germ Theory proved, spontaneous generation disproved  

• Pasteurization of beer and milk  

• Vaccinated cows against anthrax 

 

Sir Alex Fleming (1881-1955)  

• Discovered Penicillin 1928 -> antibiotic against gram-positive bacteria 

• Reduced mortality due to bacterial infection  

• Enabled more complex operations  

• Reduced cases of syphilis, tuberculosis etc. 

 

Hospitals in Modern Times: Centralization 

Novel inventions, large machines and expensive facilities  

• 1903: William Einthoven develops the electrocardiograph (ECG) to measure electrical changes during beating of 

the heart  

• 1895: William K. Röntgen discovers x-rays  

• 1930s: X-ray visualization of practically all organ systems, thanks to application of Barium salts and radiopaque 

materials  

• 1930s: Blood banks due to advances in blood typing, sodium citrate to prevent clots, refrigeration  

• 1927: Drinker respirator or ‘iron lung’ (head is outside of device) 

• 1940s: Cardiac catherization and angiography  

• 1950s: Ultrasound  

• 1980s-1990s: 3D imaging technologies (CT, MRI) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Materials and Mechanics in Medicine HS20 – Chantal Widmer 

5 
 

2. Biomaterials I (M. Zenobi-Wong) 

2.1 Definition Biomaterial 
• A non-viable material used in a medical device, intended to interact with biological systems  

• 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 (National Institutes of Health). 

2.2 Key Applications 
From the operating room 

Catheter  • Teflon (PTFE), silicone, poly urethene (PU) (common polymers) 

• 1 billion patients/ year   

Blood bags  • Poly vinyl chloride (PVC) 

Sutures  • Poly propylene (PP), PLA 

 

For organ failure 

• Artificial kidney (Hemodialysis)  

• Cellulose, polysulfone, silicone, Teflon  

• 1.8 million / year 

 

For the skeleton 

• Joint replacement  

• Titanium, stainless steel, polyethylene (PE), ceramic  

• 2.5 million patients/year 

• Dental Implants  

• Titanium (Ti) 

• Zirconium Dioxide 

 

 

 

 

 

 

 

 

 

 

Stress strain curve 

- Young’s modulus (elastic modulus) = Slope (Steigung): stiffness of the curve  

-> linear region => e.g. Steel: 200 GPa; Silicone rubber: 500-5000 kPa 

- Yield strength: the stress at which material begins to deform plastically 

(=non-linear) 

-> when curve isn’t linear anymore -> start to see plastic deformation 

- Ductility: ability of a material to undergo permanent deformation through 

elongation –> how much strain the material can undergo 

- Toughness: how well the material can resist fracturing when force is applied. 

Requires strength and ductility -> area under stress strain curve 

- Ultimate tensile strength: maximum stress before failure occurs 

- Resilience: ability of the material to spring back into shape; elasticity 

- Stiffness (E): resistance of the material to elastic deformation 
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Stress σ = 
𝐹

𝐴
 [𝑃𝑎] 

Strain ε =
𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝐿𝑒𝑛𝑔ℎ𝑡

𝑂𝑟𝑖𝑔𝑛𝑖𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ
=

∆ 𝑙

𝑙
=

𝛿

𝐿
   -> has no unit 

Elongation δ = Extension = Change in length 

Young’s Modulus = 𝑆𝑙𝑜𝑝𝑒 =
𝜎

= 𝐸 = 𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 

 

2.3 Mechanical Properties of Material 
- Start understanding the molecular structure of the material by watching how it deforms under tension 

 

2.4 Material Properties 
 

- Brittle fracture: small toughness 

- Ductile fracture: large thoughness 

 

 

 

 

Ceramics: 

- very stiff, but not going to have any ductility 

- brittle and hard 

- small toughness -> small area under stress-strain curve 

- are insulators 

- show no corrosion and very little wear 

-> increase in load and then suddenly catastrophic failure -> no plastic deformation at all 

Metals:  

- ductility 

- large toughness  

- strong 

- prone to corrosion 

-> area under stress-strain curve is much higher than in ceramics or polymers 

Polymers:  

- ductile 

- soft 

- smaller toughness than metals 

- easy to manufacture, cheap and flexible 

- may have toxic degradation- or byproducts 

- weak 
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2.5 Macroscopic Properties 
… are related to the atomic structure 

 

- latter in red: distinguishes the metals from the 

non-metals (above) 

- Implant metals: transition metals (pink) 

- Polymers: non-metals (green) -> have covalent 

bonds 

 

 

2.6 Polymers 
Biomedical Polymers 

Total Sales of Biomaterials by Type  

- Largest range of properties -> can combine polymers 

- Flexible, tough  

- Degradable -> some are and some not 

- Biocompatible  

- Low Friction  

- Inert -> don’t absorb proteins 

- Transparent 

-> really large market 

Covalent Bonds Between Mers 

 

- start with single monomer 

-  103 or more monomers  linear, branched or network structure 

- polymerization process -> become long chain of carbons 

- bonds that are made are covalent -> share the valence electrons 

- different appendix groups (X,W,Y,Z) -> if change the group one 

can change the properties 

 

Poly (Ethylene) 

Most Widely Produced 

- appendix group: 4 H-Atoms 

- Real relevance in medicine to make the poly-

ethylene chain really really long  

 

Properties of Ultra-High Molecular Weight Polyethylene (UHMWPE)  

• Molecular Weight: 3 million Da -> really high weight 

• Extremely high wear resistance: entanglements of long polymer strands (think long and cut spaghetti)  

• Slippery, waxy, water-repellent surface: non-reactive side groups 
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Poly (propylene)  

2nd most widely produced 

- Translucent 

- chemically resistant 

- tough (but a little bit flexible) 

- heat resistant 

- one of the H-Atoms is changed (3 H-Atoms and 

one CH3 as appendix group) -> slightly more 

hydrophobic properties 

 

- for permanent sutures is poly propylene an excellent choice 

 

- Isotactic: Methyl group all on one side 

- Syndiotactic: alternating conformation 

- Atactic: random orientation -> assemble less, more amorphic  

 

- orange group: methyl group -> get different properties depending where the methyl group is 

-> all the polymers can have these different forms 

Poly (vinyl chloride)  

3rd most widely produced 

- flexible! 

- sterilizable 

- transparent 

- chemically-resistant 

-> one of the appendix groups is Cl (and the other 3 are H-atoms) 

 

 

Poly (methyl methacrylate)  

• High refractive index  

• Easily processed  

• Environmentally stable  

• Relatively inert  

• Good mechanical properties 

-> Very good optical properties/transparency! (important for exam) 

-> e.g. Plexiglas  
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Polytetrafluoroethylene (PTFE)  

= Teflon 

- all of appendix groups have been replaced with 

fluorine atom, which repel water 

- not good to implant, but very good for a medical 

device 

- e.g. catheters 

 

 

 

 

Polysiloxanes  

• Elastomers, sealants, coatings  

• Very high oxygen permeability  

• Applications: Breast implants, Drug delivery 

-> elastic 

 

Co-Polymers 

 

Co-polymers are polymers composed of 2 or more different types of 

monomers 

 

 

 

 

Crystalline versus Amorphous Structure 

 

- amorphous will be softer and will have better access to water 

- crystalline region: exclude water, more stiff 

 

 

 

Common Polymers 

- PE  - UHMWPE 

- PP  - PVC 

- PMMA - PTFE/Teflon 

- Polysiloxane - Co-Polymers 
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2.7 Metals 
Macroscopic properties are related to the atomic structure 

- Alloys 

- Ti, V, Al, Cr, Co, Mo 

- Stainless steel: Mo, Fe, Ni, C 

Valence Electrons 

 

 

 

 

 

General Properties of Implant Metals  
• Shiny, opaque and heavy  
• Ductile, thermal and electrically conductive  
• Close packing of atoms into lattices  
• Readiness to lose electrons to form an oxide -> Electrons are readily lost for oxidation (highly mobile electrons in 
orbitals) 
• Delocalized, outer valence electrons relatively free  
• Atoms surrounded by a “gas” or “sea” of highly mobile electrons -> is responsible for most of the properties of 
metal 
Common Lattice Structures of Metals 

 Simple cubic Body-centered cubic Face-centered cubic 

Coordination number 6 8 12 

Atoms/unit cell 1 2 4 

 

Regular arrangement of atoms into densely packed slip planes 

 

- The more complex the crystal latter the more slip planes there are 

 

 

As a liquid metal cools, crystallization starts at distinct regions and the borders define grains 

- When working form liquid metals, cooling leads to crystallization of the molten metal 

- reform the lattice when heated above the recrystallization temperature, then these lattices start to form again 

- keep on expanding their crystal structure until they run into a neighboring crystal -> at that point would have a 

grain boundary 

Mechanical properties of implant metals  

… depend on chemical composition and processing history 

- ductility of metal is related to the fact that these plains of crystals can slide past each other -> they keep on sliding 

and sliding until they reach the grain boundary and that is what will stop the ductility 

- the more dense the grains are, the sooner a dislocation will hit a boundary and this results in metals that are stiffer 
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Strength of metal 

… depends on the ease which dislocations propagate 

- takes very little force to deform the metal permanently 

and this is because there is dislocation planes that are 

slipping past each other 

- Defect: 3 red ones -> the row will break an reattach itself 

to a different row of atoms. It is much easier for only one 

row of bonds to break and reform than for an entire plane 

of bonds (i.e. the bonds intersecting the pink line) to do so 

 

 

Movement of dislocations stop at grain boundaries  the more grain boundaries, the fewer the dislocations 

 

Dislocation moving towards the grain boundary in grain A. Both Grain A 

and B are misaligned, meaning the dislocations cannot move into 

adjacent grains. A grain boundary is therefore an obstacle to 

dislocation movement. Therefore: the more grains boundaries (small 

grains), the higher the material strength! 

 

 

- sliding will stop, when there is grain boundary 

- cold working leads to stiffer material ->  increase the defects within the metal, increase the tendency for something 

to stop this slip planes 

- Small grains: higher material strength, but lower ductility  

- Large grains: lower strength, high potential for plastic flow 

Implant Metals  

• Biocompatible chemical composition to avoid adverse tissue reactions  

• Resistance to corrosion  

• Mechanical strength to endure cyclic loading  

• A relatively “low” modulus to minimize bone resorption  

• High wear resistance to minimize wear debris 

-> Titanium has lower modulus than e.g. stainless steel and for this reason is a more popular implant material 

Most common implant metals are alloyed 

• Stainless steel – Iron/Carbon with chromium, nickel, molybdenum  

• Titanium with nickel, vanadium  

• Cobalt chromium with molybdenum 

 Improved strength and corrosion resistance 
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Metal Alloys (Solid Solution Strengthening) 

- Have a completely perfect lattice -> have a really ductile material that 

would give at a very low modulus  

- Insert imperfections in the lattice -> would stop the flow of this 

dislocation and therefor giving stronger properties => alloying does this -> 

makes the perfect lattice less perfect 

- substitutional and interstitial alloy 

-> e.g. stainless steel: add carbon (small element) will perform as a 

interstitial alloy 

 

 

Annealing 

- “treat metal” 

- cold-rolled -> increase the properties of a metal -> really stiff, but 

quite brittle  

- the higher the annealing, the softer the material  

- if it is above the recrystallization temperature will allow these 

grains to deform 

-> softer one is more ductile 

 

Effect of Alloying and Processing on Strength and Stiffness 

-> Don’t have to know the numbers! 

-> Have to know what happens, when we do alloys 

- Titanium: added Al + V -> got stiffer and more brittle 

- Cobalt Chrome (Forged): cold-working or hot-working it  

-> increase in strength in material 

- Stainless steel: the more cold-working, the stiffer and the 

stronger the material gets -> if it becomes too strong or brittle 

one option would be to anneal it (little bit closer to bone if 

stainless steel is annealed)  

 

Comparison of Implant Metal Properties 

-> Tabelle: more for info 

 

- titanium is usually better than stainless steel 
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2.8 Ceramics 
Ceramics for Biomedical Applications  

• Ionically bound atoms  

• Electrically/Thermally insulating  

• Corrosion resistant  

• Strong, hard, wear-resistant  

• Brittle, danger of catastrophic failure! 

-> e.g. dental implants 

Ionic Bonds 

 

 

 

 

 

Ceramic Heads of Hip Implants 

Al2O3 = Alluminumoxid 

Ceramics 

…have alternating charge of an ionic structure  No slip dislocations! 

- need a lot of force to break it -> need to break all the bonds along one 

plane -> don’t have slippage  

- If try to move the crystal will get into the situation where you have 

negative and negative or positive and positive next to each other -> a lot 

of resistance 

- We cannot break a single bond, but we can break plane of bonds leading 

to a fracture in the bond! 

Larry L. Hench, Inventor of Bioglass  

1968: The human body rejects metallic and synthetic polymeric materials by forming scar tissue …. Bone contains a 

hydrated calcium phosphate component, hydroxyapatite (HA) and therefore if a material is able to form a HA layer in 

vivo it may not be rejected by the body.  

1971: «These ceramic implants will not come out of the bone. They are bonded in place. I can push on them, I can 

shove them, I can hit them and they do not move. The controls easily slide out»  

Hydroxyapatite (HA) 

- HA: is a calcium phosphate ceramic -> e.g. bone 

contains HA, and therefore it can be used for implant 

design 

- some of the implants are coated with something 

crumbly -> sprayed coating of hydroxyapatite -> will 

allow to be implanted without any cement 
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Influence of a hydroxyapatite and tricalcium-phosphate coating on bone growth into titanium fiber-metal 

implants (J Bone Joint Surgery, 76-A, No 2, 1994) 

Black = section of titanium fiber metal implants  

Pink = bone tissue stained 

Left picture: didn’t work really well with bare titanium -> not good 

integrated into the body -> very little growth of bone around the 

implant 

Right picture: good integrated into the body (much bone growth around the implant) -> osteoblast deposit osteoids, 

that has mineralized  

 Bioactive ceramics such as hydroxyapatite may be used as coatings to improve bone bonding -> Osseointegration 

2.9 Linking Atomic Structure and Material Properties 
 

- Polymers: covalent bonding 

- Ceramics: crystal formation, electrostatic 

interaction between the ionic components 

- Metals: metallic boding, everything was kind 

of shiftable 

 

 

 

2.10 Comparison: Ceramics, Metals and Polymers 
 Ceramics Metals Polymers 

Pros - biocompatible 
- no corrosion 
- strong in compression 
- low wear 
- microbial resistance 

- ductile 
- strong 
- tough 
- ease to manufacturing 
- high resistance to fracture 
- can be formed into complex 
shapes 

- ease of manufacturing 
- 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 
- change with sterilization 
- weaker properties than metals 
and ceramics 

 

2.11 Learning Objectives 
• Know the characteristic properties of the implant metals, ceramics and polymers  

• Give examples how the molecular structure of a biomaterial controls material properties  

• Know the properties and failure mode of a material from the stress/strain diagram  

• For each class of biomaterial, give an example and state why this particular material was chosen 
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2.12 Exercise 1 (Additional Info) 
This curve is typical for low carbon steel 

 

 

 

 

 

 

 

 

 

 

Cold working:  

• Change the metal shape via mechanical stress.  

• ↑ yield strength, ↑ failure strength, ↓ ductility, ↓ % 

strain  

 

Annealing  

• Change the metal shape via heat stress 

• ↓ yield strength, ↓ failure strength, ↑ ductility, ↑ % 

strain 

 

Smaller grains  Stronger materials 

Common Biomaterials 

▪ Catheter – PTFE, Silicone, PU  

▪ Blood bags – PVC  

▪ Sutures – PLA, PP  

▪ Contact Lenses – PMMA  

▪ Intraocular Lens – PMMA  

▪ Artificial Kidney – Cellulose, Polysulfone, Silicone, PTFE  

▪ Joint Replacement – Ti, Stainless Steel, PE, Ceramic  

▪ Dental Implants – Ti, Zirconium Dioxide 

 

A composite can have been properties which reflect both components. For instance, a polymer can be made 

stronger in tension by adding fibers, or made more friendly to bone growth by adding hydroxyapatite ceramics. 

 

 

 

Polymers 

Metal 

Ceramics 
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Common Polymers 
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3. Intraocular lenses (J. Schweighofer) 
 Impulse lecture: questions for the exam will be conceptual! Not required to know all the graphs and data 

3.1 Cataract  
• Opacification of the lens  

 

Caused by   
• Age! 
• Trauma  
• Hereditary  
• Medication (e.g. steroids) 
• Diseases (especially inflammation) 

Symptoms   
• Slow, painless vision loss  
• Blurred vision  
• Foggy sight  
• Double vision  
• Halos 
 

Therapy 

• Surgery -> there is no medication 

• Removal of the clouded lens  

• Implantation with a clear artificial lens  

• Safe  

• Outpatient setting  

• Rare complications  

• Infection  

• Bleeding  

• Retinal detachment 

- two main procedures, whereas Phako is the most common one 

nowadays 

- ECCE (extracapsular extraction): take out the whole lens -> when 

cataract is really dense and thick 

- Phako: really small insertion, destroy the lens and remove it 

 

 

Phacoemulsification (Phako) 

• Most common technique  

• Most common surgical procedure in the world  

• Minimal invasive  

• Small incisions (2mm)  

• Ultrasound 

 

3.2 Intraocular lenses 
• IOL  

• Treat refractive errors produced by extraction of the lens 

• Composed of optic (central part) and the haptics (side structures) -> haptics, which keeps the lens in place in the eye 

• First implemented 1949  

• Before 1949 aphakic and correction with high hyperopic spectacles 

What do we expect?  

• Clear lens 

• Good biocompatibility  

• No posterior opacification  

• Foldable (1.4-2.4 mm)  

• Stable 
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3.3 Biocompatibility 
• Biological response to a foreign body material  
• Depends on the design and the material  

• chemically inert  
• physically stable  
• non carcinogenic  
• non allergenic  
• no foreign body reaction 

• Main Features  
• Lens material  
• Optic edge design  
• Lens surface properties  
• Haptic-optic combination  

• Characteristics of the host (of the patient) 
• Surgical technique 
 

3.4 Posterior opacification 
• Most common complication of cataract surgery  

• “secondary cataract“ 
• Migration, proliferation and differentiation of lens epithelial cells  

• Posterior capsule  
• 20-50% of all patients within 2 to 5 years of cataract surgery 
• Treatment is very easy 

• Laser (YAG; Neodym-dotierter Yttrium-Aluminium-Granat-Laser) 
 

3.5 Materials 

3.5.1 PMMA 
• Polymethyl methacrylate  
• First implemented material  
• Advantages  

• Very good tissue tolerance  
• Low foreign-body inflammatory response  
• High uveal biocompatibility  
• Good optical properties  

• Disadvantages  
• Rigid and not foldable = large incision necessary -> that’s why it’s not often used anymore 
• Intolerance to high temperature and pressure 

 

3.5.2 Silicone 
• Made out of a siliconepolymere  

• Designed for smaller incisions  

• However, not suited for microincision surgery  

• Advantages  

• Very clear lens  

• Low rate of posterior opacification -> has the lowest incidence of a secondary cataract  

• Low rate of cell ingrowth (inflammatory reaction)  

• Disadvantages  

• Very abrupt opening in the anterior chamber -> sometimes damages other structures in the eye 

• Bad handling when wet  

• Adherent to silicon oil  

• Favors bacterial adhesion  Higher risk of postoperative infection (up to 3-times higher) 
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3.5.3 Acrylic 
• Chemical substances with acrylic group (CH2=CH-COR)  

• Hydrophobic vs. Hydrophilic  

• Measure of materials tendency to separate itself from water  

• Foldable IOL  

• Most common IOL nowadays 

 

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 -> not a lot of danger to harm any other structures in the eye 

• Disadvantages  

• Glistening -> vacuoles in the lens: patient might not tolerate this -> has to change the IOL 

 

Hydrophilic acrylic  

• Combination of hydroxethylmethacrylate (polyHEMA) and hydrophilic acrylic monomer  

• Advantages  

• Can be implemented through incisions smaller than 2mm! 

• Easier for the surgeon  

• Disadvantages  

• Higher rate of optic opacification 

 

3.6 Future 
• Light adjustable IOL  

• Allows post-operative changes in IOL power  

• Outcome is not always predictable (inaccurate refraction, unpredictable lens position, wound 

healing)  

• Photochemistry and diffusion  

• Accommodative lenses  

• Change of the refractive power of the eye  

• Lost after cataract surgery  

• progressive change in its power in relation with the active contraction of the ciliary body 

 

3.7 Polymers for intraocular lenses 
Left: PMMA 

Middle: polyHEMA 

Right: mixture 
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4. Orthopedic Implants (E. Bartsch) 
4.1 Key topics 
• How does the surgeon decide which implant is best for the patient?  

• What are the current materials and designs used in hip implants?  

• Which material properties are important?  

• How are they manufactured and sterilized?  

• What quality controls are used to assure implants meet specifications? 

4.2 Which implant is best for the patient? 
Implant 
• stability  
• sizes standard / custom made  
• reconstruction of 
biomechanics  
• range of motion (ROM)  
• bearing / wear  
• cost 

Patient 
• bone quality  
• soft tissue  
• comorbidities 
(especially in older age) 
• mental conditions  
• compliance  
• additional risk factors 

 

4.3 Influence of local philosophies 
 

 

 

 

 

 

 

4.4 What are the current materials / designs used in hip implants? 
 

- cup is in pelvis bone 

 

 

 

 

4.4.1 Acetabular shells 
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4.4.2 Femoral stems 
 

cementless: 

- mainly made of titanium with 

rough surfaces 

cemented: 

- quite rigid 

- made of Cobalt-Chrome or 

stainless steel  

 

 

4.4.3 Bearings 
 

Hard-hard: 

- for high performance patients 

(more active ones, younger)  

 

 

 

 
• modular parts, which form the mobile joint  

• needs to provide safe connection to implanted components  

• needs to offer different variants for fine-tuning joint geometry reconstruction  

• should provide as less wear as possible, which determines longevity of construct  

• can be exchanged / revised by keeping other implanted components in places 

• in the past, polyethylene wear was the main root cause for implant failure  

• alternative hard-hard bearings like ceramic-on-ceramic  

• improved surfaces on ball heads, hardened and highly polished  

• improved polyethylene by cross-linking 

 

4.5 Which material properties are important? 
Why do implants fail? 

 

- high debris, where the bearing failed 

- fractures, especially form ceramics 
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4.6 Bone 
• “living” material -> so there is change 

• hard outer corticalis + soft inner spongious / cancellous bone  

• dynamically loaded (swinging)  

• healing mechanism starts when bone fractures  

• “adapt to the loads under which it is placed” (Wolff’s Law: use it or lose it) 

4.7 Cementless implants 
• in direct contact with bone of good quality  

• needs to provide initial primary stability by mechanical locking  

• needs to provide secondary stability by osseointegration  

• should provide anatomical load transfer with harmonious stress distribution  

• should avoid stress shielding 

• Elasticity (young’s modulus) closer to cortical bone – titanium alloys  

• Tapered design for initial mechanical lock  

• Rough surface increases contact area  

• Rough surface increases friction for primary stability  

• Rough surface provides scaffold for bony ingrowth for secondary stability  

• HA as accelerator for healing mechanism 

 

Advantage of the VPS Ti/HA coating 

 

 

 

 

 

 

 

 

4.8 Bone cement 
• chemically is nothing more than Plexiglas (PMMA)  

• 2 component material (a powder and a liquid), available in different 

viscosities or with antibiotic loading  

• hardening in an exothermic polymerization process, heating up around 

82-86 °C 

• the ideal bond of strength and versatility  

• not a glue, has no adhesive properties and no bonding to implant  

-> is acting as a filler 

• acting as a filler to close the space between implant and bone  

• a polymer with creeping and stress relaxation over time 
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4.9 Cemented implants 
• not in direct contact with bone  
• needs to provide initial axial as well as rotational stability within the cement mantle  
• should provide harmonious stress distribution to cement to avoid stress peaks / cement cracks  
• no sharp corners, no cylindrical shape -> should be far from circular but should also not include 
sharp corners 
• no rough surface to prevent cement abrasion (would be like a little rasp)  
• converting the shear stress at the implant cement interface into radial compressive forces, 
preventing shielding and also protecting the cement bone interface from loosening 
• EXETER History  

• 1970: developed & introduced in Exeter, England  
• 1976: surface finish changed from polished to matte  increased aseptic loosening  
• 1986: surface finish changed back to polished 

 

4.9.1 Materials and Cross-Sectional Geometry 
Stiff materials (Co-Cr and stainless steel) decrease cement stresses, are harder, and are more abrasion resistant. 
Sharp corners were undesirable. Broad medial borders without sharp corners reduce cement strain proximally and 
broad lateral borders enhance component strength. 
 

4.10 PE -> XLPE 
• standard bars of polyethylene  

• irradiated (gamma-irradiation) at room temperature (5 up to 10 Mrad)  

-> is cracking the long chains into little pieces -> the electron pairs find each other 

again -> will become a more solid and not such flexible material -> but not every 

free electron will find each other -> free radicals 

• 3 methods to remove free radicals:  Some of those are patented, that’s why 

there are 3 methodes 

- sub-melt annealing -> heat up the material again to allow these free pairs 

to find each other 

- remelting  

- Vitamin E (antioxidant) -> jump on the free radicals to avoid that oxygen comes into place (because 

oxidation will change the material properties and make it brittle) 

• Machine parts  

• Sterilize without radiation -> because otherwise has to start the whole process again 

 

4.11 Ceramics 
Study: The fracture rate of ceramic components has been reported to be between 0.004% and 0.05% for femoral 

heads and between 0.013% and 1.1% for acetabular liners. […] Revision arthroplasty performed because of a 

fractured ceramic component carries a high risk of failure: the fragments of the failed component are sharp and 

harder than metal; if left in the articular space, these fragments would act as an abrasive paste, and the use of a 

metal head against a polyethylene liner in the revision arthroplasty would quickly lead to catastrophic wear and 

failure… 

 extremely hard, very polished surface, very good lubrication,… -> difficult: if such components fracture it’s like 

glass in the body (diamante like sharp particles -> has to remove them, but not all particles can be taken out or are 

found -> remains in the wound and will scratch the next implant) 
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- the wear-reducing lubrication states A and B can be 

reached more often with ceramic components 

 

 

- Strong hydrogen bonds provide excellent wettability 

of ceramic 

 

 

4.12 Surface Hardening Technologies 
- Coatings: Titanium Nitride -> help against metal allergies 

- Ceramizing metal: Oxinium  

4.13 Implant component properties 
Chemical composition:  

• biocompatibility  

• corrosion  

• material properties (stress/strain)  

• machinability (forging/milling/polishing)  

-> e.g. there are ISO standards 

 

 

 

4.14 Corrosion 
Why metals corrode in human body? (A review) 

- The implants face severe corrosion environment which includes blood and other constituents of the body fluid 

which encompass several constituents like water, sodium, chlorine, 

proteins, plasma, amino acids along with mucin in the case of saliva 

- The biological molecules upset the equilibrium of the corrosion 

reactions of the implant by consuming the products due to anodic 

or cathodic reaction. Proteins can bind themselves to metal ions 

and transport them away from the implant. 

- the pH value of the human body is normally maintained at 7.0 this 

value changes from 3 to 9 due to several cuases such as accidents, 

imbalance in the biological system due to disease, infections and 

other factors 

4.15 Implants – chemical composition and mechanical properties 
4.15.1 Implants for surgery 
• metallic materials: ISO 5832 – parts 1 to 14  

• UHMWPE: ISO 5834 – parts 1 to 5  

• ceramic materials: ISO 5832 – parts 1 + 2 
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4.15.2 How to influence mechanical properties? 
 

 

 

 

 

4.15.3 How are they manufactured? 
• Forging and casting  

• Milling metals and plastics 

• Surface Coatings 

• Additive Manufacturing 

4.15.4 How are they sterilized? – external supplier 
• (gamma) Ionizing radiation: produces disruptions in sub-atomic particles involved in the formation of the 

microorganism. Simply put, this radiation causes damage to the genetic material – the DNA or the RNA – of the 

organism’s cell 

• Ethylene oxide (EtO): poisonous gas that attacks the cellular protein and nucleic acids of microorganism 

4.15.5 What quality controls are used to assure implants meet specifications?  
The problem is, what you cannot measure:  

• raw material (need to trust material certificate)  

• endurance properties (you cannot test every implant)  

• surface roughness (destructive test – on samples only)  

• cleanliness of every product in process  

• seal integrity of every packaging  

• sterility of products  

• … 

The solution – process validation  

• control the equipment and the process parameters, not the product 

 

 

 

 

 

- If the implant is ready there is a final 

inspection and you release it  

-> before has to be sure that the supplier 

did a good job,…  

-> after release: sterilization 

=> Quality management system: has to 

ensure that from the beginning until the 

very end the material fulfills all the 

quality standards 
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4.16 Exercise 2 (Additional Info) 
Revisited: Stress Shielding!  

• Removal of typical stress from the bone by an implant  

• Leads to a reduction of bone density  

• WOLFF’S Law → ”use it or lose it”  

Total Hip Arthroplasties (THA)  

• Majority of joint replacements  

• Acetabulum and femoral head  

• Hard metal or ceramic femoral head articulating against an UHMWPE acetabular cup  

• Can be fixed with or without bone cement (PMMA) 

To whom would you recommend a cemented and to whom an uncemented hip implant? And Why? 

For younger patients rather uncemented, because has direct contact with the bone (so the bone has to be good 

quality) 

Cemented vs Cement-less Implants 

 Cemented Cementless  

Contact with bone via bone cement direct 

Material CoCr or stainless steel titanium 

Stress distribution harmonious to avoid cement cracks anatomical load transfer to avoid stress 
shielding 

Design no sharp corners, no cylindrical shape tapered for initial mechanical lock 

Surface smooth → prevents cement abrasion rough → friction for primary stability and 
scaffold for bony ingrowth 

   

 

How to tune the mechanical properties 

• PE -> XLPE 

• surface hardening 

• Material, design, manufacturing processes 
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5. Biomaterials II (M. Zenobi-Wong) 
5.1 Learning Objectives 
• List advantages of drug delivery systems  

• Describe polymers for drug delivery systems  

• Know the different kinds of biocompatibility testing protocols 

5.2 Drug delivery 
 

 

- concentration needs to be between minimum and 

maximum effective concentration otherwise the drug is 

either too much and it’s toxic or too little and it’s not 

effective 

-> would be good to have the sustained-released drug 

(which is slowly released), because can be within this 

effective window longer -> still not perfect, because it goes 

under the minimum effective concentration eventually 

-> zero-order controlled released: release on drug is not 

dependent on time -> not always achievable  

 

Advantages  

• Maintain therapeutic level of drug at the site  

• Protection of the drug  

• Protection of the person (preferably local and not systemic application → less side effects)  

• Ease of administration  

• Calibrate the drug release profile to the patients’ needs  

• Reach otherwise difficult to reach areas (restricted, such as brain)  

• If implant is biodegradable, it does not need to be removed 

 

Suffixes of drugs: 

- mab = monoclonal antibody 

- nib = inhibitor 

- vir = antiviral (Remdesivir) 

- one = corticosteroid (Dexamethasone) 

Molecular weight of drugs: 
 important is to distinguish the molecular weight of the drug 
- Two examples, which are used against breast cancer and target the IGF-receptor, but they are two completely 
different classes of drugs: 
 - Tamoxifen: small molecules, molecular weight 370 Da, chemically synthesized 
 - Herceptin (trastuzumab): monoclonal antibody, molecular weight 150 kDa, made by biotechnology  
- molecular weight of small molecules is ~300-500 Da and around 150 kDa for proteins and biologics  
 
Bestseller (just for info, not for exam) 
1. Small Molecule (430 Da) 
2. Monoclonal antibody (144 kDa) -> against TNF-alpha (to treat arthritis) 
3. Fusion protein (115 kDa) 
4. Monoclonal antibody (144 kDa) -> against TNF-alpha (to treat arthritis) 
-> 2-4 are all biologics 
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5.3 Is my drug hydrophilic/hydrophobic polar/non-polar? 
• Non-polar drugs best cross cell membranes  

• Only polar drugs are soluble in water  

• Many drugs are nonpolar or hydrophobic and have poor bioavailability without drug delivery systems 

Problem 

- Hydrophobic (non-polar) drugs can pass the cell membrane easily but are not soluble in water.  

-> Hydrophobic = lipophilic (fat soluble) 

- Hydrophilic (polar) drugs can’t pass the cell membrane easily but are soluble in water.  

 Many drugs are non-polar or hydrophobic and have poor bioavailability without drug delivery systems! 

 

Partition Coefficient, log P 

 is a measure of hydrophobicity of a certain drug 

• logP = log 
[amount of drug dissolved in octanol]

[amount of drug dissolved in water] 
 

• Log P = 1 means 10:1 ratio of organic to aqueous compounds, hydrophobic 

-> log P above 1 -> drug is hydrophobic and more drug found in the organic solvent component 

• Log P = 0 means 1:1 ratio of organic to aqueous  

• Log P = -1 means 1:10 ratio of organic to aqueous, hydrophilic 

-> drug is hydrophilic and soluble in aqueous component 

 Keep log(P) in mind deciding on strategy for drug encapsulation and subsequent sustained release 

Example: Tamoxifen 

-  Small Molecule  

- Chemically Synthesized 

 Water solubility: 0.00102 mg/gL & logP: 5.93 -> very hydrophobic drug 

Drug encapsulation methods 
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5.3.1 Hydrophobic Polymer & Drug 
“ Oil in Water” 

-> take tamoxifen, take 

polymer and would dissolve 

them in organic solvent -> put 

this into an aqueous solution 

 -> then there is formation of 

droplets and collect them  

 

 

• Drug and polymer are hydrophobic  

• Use when molecule of interest can be dissolved in organic solvent or is stabile in crystalline form when dispersed in 

organic solvent  

• Water-Oil single emulsion method  

• The organic solution is emulsified with a stabilizer, such as polyvinyl alcohol (PVA), which prevents the organic 

droplets from coalescing 

 

Poly viniyl alcohol (PVA) 

- Substituting one of the hydrogens for a hydroxyl-group  

-> would be polyethylene (without the change)  

-> becomes water soluble, because of the hydroxyl-group 

 

 

5.3.2 Hydrophilic Drugs/Hydrophobic Polymer 
“Water-Oil-Water Emulsion” 

Emulsions has to go through two steps 

1. dissolve drug in aqueous solution and put in 

solution of the polymer 

2. Pour the polymer solution in another aqueous 

solution -> forms microparticles 

 

 

 

 

 

• Drug is hydrophilic and polymer is hydrophobic  

• Use when dealing with water-soluble molecules: may become inactivated by direct exposure to solvent → Water-

Oil-Water double emulsion  

• More technically challenging, but diversifies the range of bioactive molecules in drug delivery system → use of 

PLGA 
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5.3.3 Self-Assembly 
• drug is hydrophobic and polymer is 

hydrophilic/hydrophobic block co-polymer  

• spontaneous organization of molecular units into 

well defined, dynamic structures → most often 

driven by non-covalent interactions 

 

5.4 Polymer requirements for drug delivery 
• Safe for clinical use  

• Degrade into non-toxic products  

• Tunable degradation rate (days – months)  

• Biocompatible 

5.4.1 Polylactic acid (PLA) and Polyglycolic acid (PGA) 
• Breakdown products are natural metabolites  

• Co-polymers yield range of useful properties  

• Safe (long experience with Vicryl sutures) 

-> can combine PLA and PGA to PLGA, which is a block-copolymer  

5.4.2 Block co-polymers of Polylactic acid (PLA) and Polyglycolic acid (PGA) = PLGA 
 

- methyl-group: slightly 

hydrophobic 

-> PLA is slightly more 

hydrophobic than PGA 

 

 

 

 

 

 

Hydrolysis breaks PLGA into natural metabolites 

 

 

 

 

 

- chain is broken in the presence of water 
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Properties and applications of PGA, PLA and PLGA 

- PGA is degrading much more quickly than PLA  

-> methyl-group is making a big difference in the 

degradability  

- amorphous: more accessibility of water 

-> amorphous form is degrading faster than the 

crystalline form of PLA 

- applications are quite different 

- PLGA: always amorphous, relatively quick 

degradation 

 

 

 

Degradation of PLGA 

 

- 100% PGA or PLA are going to degrade slower than PLGA 

- PGA degrades faster than PLA, because it’s more hydrophilic 

 

 

 

 

Polydispersity and Degradation 

 

- process of delivering the drug is directly related to degradation of the polymer 

 

 

 

5.5 Lupron Depot – 1 Billion $ Annually 
• Slow release of Leuprorelin in PLGA particles  

• Fibroids, Endometriosis  

• Prostate cancer  

• Central Precocious Puberty 

 

5.6 How do you know if a biomaterial is biocompatible? 
5.6.1 Biomaterial Challenges  
• Vascular devices clot blood  
• Implanted sensors encapsulate and fibrose  
• Implanted values calcify  
• Contact lenses infect  
• Soft tissue implants fibrose, infect  
• Metal implants corrode, leach ions and particles, loosen  
• Implant related infection is unresolved 
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5.6.2 Race for the surface 
 

- problem of infection 

- if bacteria colonize the surface there is often not much 

one can do -> wants to prevent this 

 

 

5.6.3 Encapsulation of Implanted Materials 
- a lot of unnatural absorption of proteins onto this surface 

- attraction of cell type called neutrophils 

-> happens within the first few hours to days 

-> really critical steering the direction, because neutrophils have 

the capacity to secrete factors like cytokines (can attracts 

macrophages and monocytes) 

- macrophages can achieve a certain polarization, which will 

steer the process in a good reparative fashion or a more chronic 

acute fashion 

- Macrophages are then themselves secreting factors, which are 

attracting a lot of fibroblasts, which deposit a lot of polygenes  

- Encapsulation of material, because it’s being preserved as a from body 

- Last stage: macrophages fuse (called frustrated macrophages) -> FBGC = foreign body giant cells 

5.6.4 Foreign Body Giant cells 
«Frustrated Phagocytosis» leads to macrophage fusion and formation of Foreign Body Giant Cells (FBGC) 

5.6.5 Biocompatibility matrix 
- First thing to know: Biomaterial and where it’s going to be used 

-> different categories (surface device, external communicating device, implant device) 

-> e.g. in implant devices need a lot more (animal) tests than for example in surface device, which are in contact with 

intact skin 

5.7 Use of International Standard ISO 10993-1 

5.7.1 Extract Test: Colony Forming Assay 
- cell culture in a dish: if the cells are all alive can 

assume what leaches out from this implant is not toxic 

 

 

 

• Cytotoxicity of leachable substances released from test item is assessed  

• Measure ability of colony formation after treatment (plating efficiency)  

• If cell activity is reduced by → toxic! 

 Toxicity = 30% reduction in cell activity 

MTT or MTS assay -> colorimetric assay 

Living cells are able to reduce Tetrazole (yellow) to Formazan (purple) 

 Toxicity = 30% reduction in cell activity! (so if MTS value is reduced 30% compared to control) 

-> colorimetric assay 
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Standard Conditions for Extract Test  

Extraction Vehicle (6 cm2/ml)  

a) culture medium with serum  

b) physiological saline buffer  

c) pure water or dimethyl sulfoxide (DMSO) \0.5% Possible  

Possible Extraction Conditions  

a) (24 ± 2) h at (37 ± 1) °C  

b) (72 ± 2) h at (50 ± 2) °C  

c) (24 ± 2) h at (70 ± 2) °C  

d) (1 ± 0,2) h at (121 ± 2) °C 

5.7.2 Direct Contact Test 
 

- might be more realistic 

- medical device is actually sitting on top of cells 

-> see how many cells are dead on the assay 

 

 Material must cover 10% of area! 

• Piece of test material is placed directly onto cells growing on culture medium → the cells are then incubated. 

• During incubation, leachable chemicals in the test material can diffuse into the culture medium and contact the cell 

layer.  

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

5.8 Exercise 2 (Additional Info) 
Drug Encapsulation Methods 

- Methods for fabrication of drug-releasing microspheres from polymers  

- Encapsulation methods depend on many factors, such as polymer type, solubility and stability of molecule to be 

incorporated  

- Organic solvents used to dissolve polymer → affects activity of molecule 

Biocompatibility Testing Protocols  

Three categories of tests are proposed for assessing the cytotoxicity of potentially released materials in ISO 10993-5 

1. Extract Tests  

Normally based on a so-called extract obtained by exposing cell culture medium to the test material or compound of 

interest for 24 h at 37 °C. Subconfluent cell cultures are treated by measuring effects on cell functionality typically 

after 24 h, or low-density cultures are revealed by measuring effects after a prolonged time period of six days.  

 

2. Direct Contact Test  

A test sample covering about 10% of the subconfluent cell layer is placed on top of that layer, while in the agar 

diffusion test an agar layer covers the cells instead of cell culture medium and the test samples are placed on top of 

the agar layer. In both tests, the sample is removed after 24–72 h exposure time and the cells are qualitatively and 

quantitatively assessed below and adjacent to the test samples.  

3. Indirect Contact Test  

For this cells are cultured until confluency on one side of the filter, which is then placed with the cell side on top of 

an agar layer. Subsequently, the test material is placed on the other side of the filter. Effects on cells are qualitatively 

assessed after 2 h exposure time. 
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Indirect Contact Test: Agar and Filter Diffusion Test  

• Often used for high density materials. Thin layer of nutrient-supplemented agar is placed over the cultured cells.  

• Test material or an extract dried on filter paper is then placed on top of the agar layer, and the cells are incubated.  

• Zone of malformed, degenerative or lysed cells under and around the test material indicates cytotoxicity 

Limitations of Discussed Protocols  

Most striking limitation of all tests is the short test period  

• 2 hours for filter diffusion  

• 24 hours for extract acute cytotoxicity  

• 24-72 hours for agar diffusion  

• Very limiting regarding the informative value and the kind of effects that can be assessed  

• Effects based on accumulation and delayed/progressive effects will not be detected!  

• Second limitation is use of cell lines that may not be relevant for the proposed use of the biomaterial 
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6. Tissue Engineering I (M. Zenobi-Wong) 
Learning Goals:  

• Know the 4 tissue types  

-> have e.g. in the muscle tissue also other supporting tissues (so there are more than 4 tissue types) 

• List 3 ways cells receive information and how TE can provide these signals  

• Know the different cell sources for TE and their pros and cons  

• Knows pros and cons of scaffolds vs hydrogels 

6.1 Organ Transplants 
Total in 2018: 34’000 

• Kidney: 21’277 

• Liver: 2’940 

• Heart: 2’287 

• Lung: 1’980 

• Others: Pancreas, small bowel, hand, face 

-> relatively low number compared to the people who suffer from e.g. kidney problems 

6.2 Three Pillars of Tissue Engineering 
To be called tissue engineering need to have: 

1. Cells: alive, may be tissue specific, stem cells, or embryonic stem cells, 

they may be autologous or allogenic 

=> stem cells, differentiated cells, source 

2. Matrix/Scaffold: carrier for the cells -> may be natural or synthetic, may 

be fibrous, a foam, a hydrogel, or capsules 

=> Biocompatible, porous, mechanical stability 

3. In-vitro cultivation: may be in static, stirred, or dynamic flow conditions 

Cell-Signals => Cell-Cell adhesion, cell-matrix adhesion, growth factor adhesion 

6.3 Classes of Organs 
Flat tissue structure: 
• Cornea  
• Skin  
• Cartilage 
 

Tubular structure: 
• Trachea  
• Esophagus  
• Blood vessels 

Hollow, viscus structures: 
• Bladder 
 

Solid organs: 
• Kidney  
• Heart  
• Liver  
• Pancreas 
 

 Increasing engineering complexity from flat tissue structures to solid organs 

-> Solid organs: high complexity of number of cells, very high cell density 

6.4 Tissue Engineering’s Goal 
 Construction of living, functional components for regenerating malfunctioning tissues 

• Cells: Primary cells, stem cells, genetically manipulated 

• Scaffold/hydrogel: Bioactive/bioinert, resorbable… 

• Biological signals: Growth factors, Environmental proteins, Mechanical & Electrical signals… 

6.5 Tissues 
• Connective: Bone, cartilage, fat, fibrous tissue => SUPPORTING 

• Epithelium: Lines the inner and outer surfaces of the body => COVERING 

• Nervous tissue: Conducts electrical signals => COMMUNICATING 

• Muscle: Produces mechanical force by contraction => MOVING 
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6.5.1 Connective tissue 
All types consist of collagen fibers embedded in a polysaccharide 

gel 

-> Loose connective tissue, fat, bone (cortical), cartilage 

 

- Cell is surrounded by fibers, which is a clear sign of connective 

tissue 

- The cells function in connective tissue is just to produce the 

matrix that will give that tissue its properties. The cells themselves 

don’t have that much function for the mechanical properties of the 

tissue 

6.5.2 Epithelial tissue 
Key Features 

• Function in secretion, absorption, excretion  

• Tight junctions between cells -> All the cells are packed together 

• Single or multiple layers of cells  

• Free apical surface – facing internal lumen or external surface  

• Cells rest on basement membrane  

• Avascular 

-> Epithelial cells need to have an orientation, which are provided by basement membrane. So the epithelial cells 

have a basal and an apical side. This allows them to know what is inside and what is outside of an organ. 

-> If you don’t have tight junctions, it wouldn’t perform its role as a barrier and the approach of engineering 

epithelial tissue would fail. 

Examples 

• Cuboidal epithelium     • Simple columnar epithelium 

• Pseudostratified ciliated columnar epithelium  • Stratified squamous epithelium 

• Simple squamous epithelium 

Tissue Engineering Vessels 

Healthy endothelial cells (left) have intact adherens junctions between them 

(pink) and actin fibers (green) clustered against their membranes. When 

Notch1 activity is blocked (right), the cells’ junctions fail (black gaps between 

cells) and their actin clusters into “stress fibers” that are distributed 

throughout the cell.  

 

6.5.3 Muscle tissue 
 

- There are supporting tissue types in the muscle tissue 

- All of the muscles are surrounded by connective tissue (which support the 

function) 
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Important Cell Types in Muscle Engineering  

- there are over a dozen different cell types in the muscle  

-> really complex 

-> there are motoneurons, vasculature, quiescent satellite 

cells, activated satellite cells/myoblasts, myofibril 

-> keep a quiescent stem cell population is a big challenge for 

muscle tissue engineering 

 

 

 

 

Muscle engineering – need for alignment 

- need to assure that there is alignment for the muscle cell -> because the contractility is so important (have to 

contractile in the same direction) 

6.5.4 Nerve tissue 
-> Have also connective tissue surrounding the individual nerve fibers (like in muscle cells) 

6.6. Cell sources for tissue engineering 

6.6.1 Sources 
• Autogenic/Autologous: Cells from the patient (from one part of the body to another) 

 => Autograft 

- No immunological response -> safe 

- Scarce, Expensive  

• Syngenetic: Cells between genetically identical individuals (e.g. monozygotic twins, or within an inbred strain) 

 => Isograft 

- No Rejection  

• Allogeneic: Cells from an unrelated human donor  

 => Allograft 

- Chance of rejection, transfer of human disease  

- Available from younger donors  

• Xenogeneic: Cells from a different species (e.g. pig to human)  

 => Xenograft 

- Tissue to be decellularized, large chance of rejection  

- Transfer of animal disease to humans, unlimited supply 

 

6.6.2 Differentiated Cell Types (+ 200)  
• Connective Tissue Cells 

- Fills space and provides structural support  
• Epithelial Cells 

- Lines cavities and surfaces, often with cilia, secretion, barrier functions  
• Neurons  

- Conducts electrical signals  
• Muscle Cells 

- Produce mechanical work  
• Sensory Cells  

- Detect external stimuli (light, sounds, smells, tastes)  
• Blood Cells  

- Erythrocytes, leucocytes, lymphocytes 
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Differentiated Cells vs Stem Cells 

• Primary cells (differentiated)  
- Low proliferation potential 
- Tendency to de-differentiate  
- “Donor-Site Morbidity”  

• Stem cells (non-differentiated) 
  - Adult, embryonic, induced pluripotent (iPS)  

- Can divide indefinitely  
- Scarce, Ethical issues 

 -> big disadvantage of a stem cell is its stemness, because can become any tissue  
 

Induced Pluripotent Stem Cells 

 

• Autologous -> big advantage 

• Requires genetic manipulation -> might not be completely safe 

• New technology 

 

 

 

 

6.7 Scaffolds for tissue engineering 

6.7.1 Scaffold Criteria  
• Network of large interconnective pores (100 um) -> cells are ~20um (pores in the scaffold are 5x bigger than cells) 

-> porosity is really important 
- allows cells to migrate through the scaffold  
- allows diffusion of nutrients  
- allows growth of new blood vessels (angiogenesis)  

• Mechanical Stability  
• Biocompatibility  
• Degradability  
• Connectivity 
 
Commonly Used Degradable Scaffolds  
• Natural based polymers  

- Collagen, fibrin, alginate, hyaluronic acid  
• Synthetic polymers  

- PGA poly (glycolic acid)  
- PLA poly (lactic acid)  
- PLGA  
- PCL poly (caprolactone)  

-> has also an esterbond, which can undergo hydrolysis in the presence of water 
-> degradable, biocompatible scaffold 

 
Resorbable Scaffolds  
• Scaffold is eventually 100% dissolved  
• Dissolution products are safely metabolized  
• Degradation of scaffold matches rates of growth 
 
 

PCL 
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A: Fabrication of scaffold 
B: Static culture 
C: Dynamic culture 
D: Bioreactor 
E: Transplantation 
F: In vivo 
 
- Time dependent molecular weight loss of scaffold (its 
undergoing hydrolysis) -> consequence of that is that the 
mass loss of the whole scaffold will go down 
-> at the same time, e.g. the stiffness, the remodeling of the 
construct will be increasing until you get to the point, where 
the loss of the scaffold is complete, but the function has been 
completely assumed by the cells 
=> ideal scenario 
 
 

 

6.7.2 Scaffold Fabrication Methods  

Porogen Leaching Method 

Pore Size > 13 um 

- used very commonly and is very easy 

- assumes that you can take some particles that are not 

dissolvable, which will be able to be leached out in a later 

stage 

- Salt crystals are often used -> won’t dissolve  

- then put this mixture in a mold and remove the solvent  

-> have a scaffold, but still with the salt crystals -> will do 

a leaching process, which will wash out the salt 

=> have a sponge like scaffold 

-> can tune the amount of salt, then can attain the 

interconnectivity, which is really important 

 

 

Reverse Opal Method 

Pore Size ~300 um (in this example) 

• Template: Gelatin microspheres in methanol -> have also a diameter of 300 um 

• Template fusion: 60-80C  

• Scaffold: PLGA  

• Template removal: 1 h 43 C water 

- will give a really tunable pore size -> allows to do a perfect scaffold with really defined pore size (will be all quite 

similar) 

- Gelatin was used, because it can melt depending on the type of gelatin and the temperature can get them to just 

melt a little bit and actually not melt, but fuse. So if you have two microspheres together and treat this at a certain 

temperature, then can get the contact point of those microspheres to fuse. Good, because if the spheres have a 

perfect size, they can undergo this packing, then can back fill it with the polymer solution (e.g. PLGA, PCA,…). And 

then because it’s gelatin you just can melt it away. 
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Cryogelation 

Pore Size 50-200 um 

- Improved mechanical properties! 

- Freeze it -> form ice crystals -> separate the water from 

the alginate phase 

=> Local increase in the concentration of the polymers! 

- Then bring it to room temperature and the ice will melt 

 

 Cryogel sponges are compressible 

Electrospinning 

• Produces a fibrous like structure with resembles the nature collagen matrix  

• Polymer (e.g. PLGA) is dissolved in a solvent and extruded on high voltage  

• Electrostatic repulsion stretches the droplet which extends to a fiber  

• Fibers are collected on a grounded collector  

• σ = conductivity, η = viscosity, and α = relative volatility  

• φ = humidity 

-> e.g. if D is larger, the fibers will be thinner 

- difference to other techniques: ability to make fibers  

- disadvantage: fibers are really tightly packed 

“Cryo” – Electrospinning 

 

- Ice crystals forced porosity between the fibers 

- Ice crystals as a space holder 

 

 

 

 

For Vessels and Tubular Organs: Spinning Collector 

 

- has been used to make artificial vessels 

 

 

6.7.3 Do these scaffolds provide a true 3D environment? 
 

- For certain cells would still give them the feeling of a 2D-scaffold 

-> a cell should have cues from all 3 directions 
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6.8 Hydrogels for tissue engineering 
• Cell-cell contact   • cell-adhesive matrix ligands  • matrix mechanics 

• Heterologous cell interactions  • matrix degradation   • cell-secreted factors 

• matrix micro- and nanostructure 

6.9 Building cell signals into hydrogels 

6.9.1 How cells interact with their environment 
 

- Receptors have specificity for 

growth factors 

- important to know what 

receptors the cell is expressing 

and what ligands the hydrogel 

is presenting 

 

 

 

Cell-Cell Adhesions: Cadherins 

Tissue Engineer’s Approach to Cell-Cell Adhesion 
- Calcium dependent receptors, which interact with 
the same receptor on the other cell, these dimerize 
and trigger a lot of pathways 
- Trick the cells, that they think they’re surrounded 
by a lot of cells even though that is not the case  
-> can’t do it with PLGA (because cell will think that it 
is on 2D substrate) 
- Incorporate the peptide HAV into the scaffold, then 
form a hydrogel and put cell in it. As the cadherin of 
the cell are exploring what’s out there in the 
extracellular space, they will meet the presence of 
the HAV-peptides, from dimers and that cell will 
start the signaling pathway thinking that it is 
attached to other cells. -> think it’s in 3D 
environment 

Cell-Matrix Adhesion: Integrins 

 Direct cell attachment to the Extracellular Matrix (ECM) 

Tissue Engineer’s Approach to Cell-Matrix Adhesion 

 Collagen mimetic peptide GFOGER was used functionalize a polyethylene glycol (PEG) hydrogel -> PEG is synthetic 

and doesn’t offer any bioactivity 

Cartilage Biomimetic Hydrogels: Collagen Peptides 

 

 The presence of the GFOGER peptide allowed cells to spread and 

proliferate compared to unmodified PEG! 
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Soluble Growth Factor Signaling 

• Autocrine factors: Produced by cells and active on the same cell  

• Paracrine factors: Produced by cells and active on their neighbors 

-> Paracrine signaling: Cells release signals that affect nearby target cells 

Common Growth Factors  

• Vascular Endothelial GF (VEGF)  • Bone Morphogenetic Factor (BMP)   

• Insulin-Like GF (IGF)    • Epidermal GF (EGF)  

• Fibroblast GF (FGF)    • Platelet derived GF (PDGF)  

• Transforming GF (TGF beta) 

How to Entrap Growth Factors? 

• Physical encapsulation -> easiest to make 

 - physical entanglement of large molecules (e.g. ECM proteins) 

 - Rapid release of small molecules 

• Chemical cross-linking 

• Hydrogel beads of polymers microspheres 

 - retention of encapsulated signaling molecules 

• Affinity mediated by heparin or heparin mimetic -> most physiologic and most common -> electrostatic interaction 

 

Enhancement of Cartilage Proteins with Growth Factors 

 

-> connective tissue 

 

 

 

 

 

 

6.10 Exercise 4 (Additional Info) 
3 Ways cells receive information and TE approach to mimic it 

• Soluble signaling molecules  

TE: Entrapping GFs into scaffold i.e. VEGF (vascularization), BMP (bone implants), Heparin 

• Cell-Matrix interactions (via integrin)  

TE: Providing cell-adhesion motifs i.e. RGD, GFOGER (mimics collagen) 

• Cell-Cell interaction (via Cadherin) -> autocrine (cell targets itself by releasing soluble molecules) and paracrine 

action (cell targets nearby cell by releasing of soluble molecules or direct contact) 

TE: Peptides mimicking N-cadherin 

 

Scaffolds versus Hydrogels 

 Scaffold Hydrogels 

Pros • Easy to manufacture  
• Tunable pore sizes  
• Possibility to mimic fibrous tissues  
• Strong mechanical properties can be mimicked 

• Hydrated environment (to mimic connective 
tissue)  
• Incorporation of more signals to the cells i.e. GFs 
• Incorporation of degradation sites  
• 3D-Environment  No polarity 

Cons • Limited in providing signals to the cells • Less spreading and migration  
• Only suitable for connective tissue (ECM > Cells 
numbers) 
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7. Cultivated meat: The past, present and Future (Suman Das) 

7.1 What is cultivated meat? 
-> Has different names like cultured meat, lab-grown meat, synthetic/artificial meat, healthy meat, slaughter-free 
meat, in vitro meat, cell based meat, clean meat 
Cultured meat is meat produced by in vitro cell culture of animal cells, instead of from slaughtered animals. It’s a 
form of cellular agriculture. Cultured meat is produced using many of the same tissue engineering techniques 
traditionally used in regenerative medicine. 
 

7.2 Current meat production is NOT sustainable 
- Green gas emission 

- water usage (55% animal agriculture) 

- 60% of all human diseases originate in animals 

- produces a lot of waste 

- deforestation 

7.3 Cultivated meat is the future… 
- Reduce the land (??) by 80%   - reduce the diseases that come from animals 

- Can feed more of the population  - reduce the greenhouse gases 

- Help to reduce the animal cruelty  -  CH4 will be 90% lower 

7.4 History 
- 1912: Demonstrating the possibility of keeping muscle tissue alive outside of the body 
- 1999: Willem van Eelen secures the first patent for cultured meat 
- 2004: Jason Matheny founds new harvest, the first non-profit to work for the development of cultured meat 
- 2011: The company modern meadow, aimed at producing cultured leather and meat, is founded 
- 2013: The first cultured hamburger, developed by Dutch researcher mark Post’s lab, is tast-tested 
- 2015: Memphis Meats (USA), Mosa Meat (Netherlands) and Super Meat (Israel) were founded as the first 
generation CM companies 
- 2015-2020: ~40 cultivated companies are founded 
 

7.5 first lab grown beef patty 
- Time to produce the beef patty: >20 month 

- Price of the beef patty: 2.1 million CHF 

7.6 Geographic distribution of cultivated meat companies 
 

 

 

 

 

7.7 How lab-grown meat is made 
1. A small tissue biopsy is taken from the animal 
2. Muscle stem cells are extracted from animal tissue 
3. The muscle stem cells are cultivated in a bioreactor, where they are differentiated into mature muscle cells and 
multiplied to commercial scale quantities. 
4. The muscle cells are removed from the bioreactor and grown on scaffolds, under tension to form strips and 
muscle called muscle fibers. 
5. The newly grown muscle fibers are grounded up and combined with plant based ingredients such as as flavoring, 
coloring, vitamins and iron to create minced meat. 
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- Cells: Embryonic stem cells, mesenchymal stem cells, nature stem cells, immortalized cell lines, IPSCs 
- Bioreactor: stirred tank, wave, hollow, orb-shake 
- Scaffolds: Hydrogel based, electrospun membranes, sponge like structures 
- Techniques: wet spinning technique, 3D bioprinting, freeze drying 
 

7.8 Consumer Acceptance 
- Trend is growing 

- will not be in the marked in the next 3-4 years 

 

7.9 Challenges 
- Cost   - Media 

- Scaling  - Technology 

- Regulation  - Consumer acceptance 

- Socio-political 
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8. Tissue Engineering II (M. Zenobi-Wong) 
Learning Objectives  

• Understand principles of cartilage and skin engineering (flat)  

• Know properties of material used to encapsulate beta islets (artificial pancreas)  

• Know pros and cons of the bioartificial kidney (renal assist device) 

8.1 Cartilage Engineering 

8.1.1 Cartilage Lines Joints and Provides Low Friction Surface 
 

- Slippery tissue -> like ice slides on ice 

- in knee joint a lot of soft tissue that supports the knee joint 

- 6 degree of freedoms 

- cartilage: single tissue type 

 

8.1.2 Articular cartilage history 
• Thickness: 3 mm  

• Low cell density (106 cells/ml) -> advantage, because if you try 

to engineer cartilage you don’t need many cells 

• 70% Water  

• No blood supply  

• Low oxygen tension  

• Poor healing 

 Doesn’t have any blood vessels, avascular tissue -> can’t heal 

 

8.1.3 Cartilage disease progression 
- Osteoarthritis: cartilage gets destroyed, either of inflammatory insults or 

mechanical injury or most likely a combination of both -> gets very painful, 

because with time has bone rubbing on bone 

- With tissue engineering: tries to fill up the cracks in the cartilage and restore 

the surface => without orthopedic implant 

- Elite athletes can have damaged cartilage really early -> get a fibrillation and 

delamination of the cartilage surface => these cases will lead to osteoarthritis 

 -> Study: 40% of the athletes have macroscopic lesions in the knee  

8.1.4 Mosaicplasty 
Extraction of osteochondral plugs which are then inserted into the cartilage lesion. Allows early weight bearing, but 

causes «donor site morbidity» 

 

Advantages: 

- autologous procedure: is taking cylinders of cartilage from non-weight baring parts of the joint and implanting 

them into the defect   

- it’s fully matured tissue, which allows the patient to recover more quickly and stand on it 

 

Disadvantages: 

- very limited on how many cylinders one can extract -> cartilage won’t heal, doesn’t regenerate 

- donor site morbidity: which means by destroying the good/healthy part can cause a lot of additional pain to the 

patient  

-> a part is destroyed to fix another 
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8.1.5 Microfracture 
The cartilage lesion is cleaned and holes are made into the bone layer, causing bleeding and clot formation. Results 

in scarring, 50-80% failure rate! 

Advantages: 

- often used, because it’s better to do something than nothing 

- very easy 

- very cheap 

- autologous mesenchymal stem cells 

- no need to open completely 

Disadvantages: 

- up to 80% failure rate 

- stem cell -> become scarring tissue -> formation of fibrous tissue (instead of cartilage) 

- mechanically not stable 

8.1.6 Autologous Chondrocyte Implantation (ACI) 
• A cartilage biopsy is taken (1), transported to lab (2) and cells 

isolated (3).  

• The cells are grown in the lab until ~12 x 106 cells are available (4).  

• Cells are seeded onto a scaffold (5) and transported to clinic (6)  

• Scaffold is transplanted into the lesion (7).  

 2 surgeries are required, therefore ACI is very expensive! 

-> risk of dedifferentiation of the cells 

Clinical ACI - Novacart 3D 

Novocart 3D Collagen Scaffold 

• seeded in the biomaterial: all made of collagen, isn’t like a sponge 

-> orientation is different to mimic the structure 

 

 

 

 

 

Cell Isolation, Expansion, Seeding 

 

• Cell isolation (chondrocytes)  

• Expansion  

• Cell seeding on 3D scaffold  fabrication of Novocart 3D  

• Implantation (minimal invasive) 

 

 

 



Materials and Mechanics in Medicine HS20 – Chantal Widmer 

47 
 

Implantation 

ACT-C method by Bentley / Steinwachs 

 

- debriding: defect is cleared out 

- with suturing they can implant the piece of cartilage -> sometimes also sealed 

with a surgical glue 

 

 

Development of the ACI Method 

-> 4th Generation still experimental 

 

8.2 Skin Engineering 
- Skin engineering has gotten the furthest from all the tissue engineering product, because skin people started 

earlier, but also because the cell that you use are much easier to grow 

- Skin is much easier to apply (because not invasive) 

8.2.1 Skin tissue 
• more complex than cartilage, because don’t have a single tissue 

type 

• tissue type: all 4 types are present in the skin 

• 3 layers: hypodermis (fat), dermis (type of connective tissue, 

nerves, blood vessels), epidermis (epithelial cells) 

• keratinocyte (in epidermis): have formed tight junctions -> fulfill 

the protective function of the skin: so nothing is coming through 

that layer 

• Stratum basale: cells that have direct contact with the basement 

membrane 

• Epithelial cell have tight junctions and dermis have cells 

embedded in the ECM 

• Skin graft assumes pigment of donor 
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8.2.2 Baux Score to Predict Mortality of Burn Patients 
 

• Total body surface area = TBSA 

• Instructions: Draw a straight line connecting Age and TBSA. Use the 

appropriate TBSA scale for inhalation injury present/absent. Intersection of 

line with mortality axis indicates predicted mortality. 

-> children have a much lower mortality with burn injuries than older 

people 

 

 

 

8.2.3 How a piece of new skin is made from the patient's skin cells in the laboratory 
1. A piece of skin is removed from the patient (biopsy) 

2. The layer between epidermis and dermis is digested enzymatically. 

3. The two layers of skin can be separated -> epidermis from dermis 

4. The individual skin cell types are grown in culture media  

-> 4 main cell types that are of interest (for full functionality of the skin): melanocytes, keratinocytes, fibroblasts, 

endothelial cells 

-> Main cell sources: Keratinocytes from epidermis and fibroblast from dermis. The current engineered skin uses this 

cell types. From epidermal layer one could also isolate melanocytes to help with the pigmentation of the graft and 

from the dermal layer one can isolate endothelial cells. 

5. Fibroblasts and keratinocytes are applied to a gel-like fibrous framework. In the incubator, they develop into a 

piece of transplantable skin. 

 

8.2.4 Clinical bioengineering skin 
Fibroblast belong to connective tissue and the keratinocytes to an epithelial tissue, so it’s not 

okay to mix those cell types. Has to have a matrix, that is seeded with the fibroblast to form 

the dermal layer and then the keratinocytes are sprayed on top. 

 
The “take” of the graft depends on inosculation or the efficiency of connection of host vessels with donor vessels, 
leading to perfusion of the graft 
 

8.2.5 Importance of Endothelial cells in skin TE 
Host Vasculature Connects to the Human Graft 

 

- Form the dermal layer: Include fibroblasts as well as the 

endothelial cells, which are able to form pre-

vascularization -> much easier to have a connection when 

it’s implanted 
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8.2.6 Importance of melanocytes in skin TE 
 

 

 

 

- there were no melanocytes in the graft: big esthetic 

problem, because patient was black 

 

 

Correction of pigmentation with cultured autologous melanocytes in 
preclinical studies. a Human engineered skin substitutes (ESS) on 
immunodeficient mice showing hypopigmentation at 12 weeks after 
grafting. b Correction of hypopigmentation after 12 weeks by addition of 
isogeneic human melanocytes to ESS. Scales in 
centimeters. c Immunolabeling of epidermis with anti-cytokeratin (red) 
and the melanocyte-specific maker, tyrosinase-related protein-1 (TRP-1; 
negative). d Immunolabeling of ESS with added melanocytes shows 
epidermis (red), and TRP-1-positive melanocytes at the dermal-epidermal 
junction (white arrows) as in uninjured skin. Scale bars = 50 μm 

 

8.3 Pancreas Engineering 

8.3.1 Diabetes Mellitus 
 

 

 

 

- Type 1 diabetes: autoimmune attack -> no insulin 

production 

 

 

 

 

 

8.3.2 Bioartificial Pancreas – “Implantable Device “ 
• Replaces non-functional Islets of Langerhans (which produce insulin) 

• Donor islets are embedded in a sheet to prevent host rejection  

• Islets can sense glucose levels and secrete insulin  

• Sheet is thin so that oxygen diffusion can maintain cell viability 

 



Materials and Mechanics in Medicine HS20 – Chantal Widmer 

50 
 

8.3.3 Alginate is used to protect (encapsulate) the islets 
  

- As soon as you bring the solution of alginate in contact with the calcium-ions, it forms 

a gel => The more calcium-ions, the more it forms a gel. 

- Alginate Beads formed in CaCl2 

 

 

Alginate – Ion-Induced Gelation  

2 Gelation Methods:  

• CaCl2: fast, uncontrolled, non-homogeneous, hard shell softer core  

-> If there is Calciumchloride in the water, there will be the presence of calcium-ions, which will be 

immediately cross-linked into a gel (that e.g. could be implanted) 

-> based on diffusion 

•  CaCO3-GDL (D-(+)-glucono-δ-lactone): time controlled, homogeneous structures  

-> Calcium-Carbonate isn’t a soluble from of calcium: so in the presence of CaCO3 there won’t be a gelation  

-> Can add a 2nd component (GDL), which will slightly acidify the surrounding. This will separate the calcium 

from the carbonate and produce calcium-ions, so that alginate can also be internally cross-linked. 

 

 

 Both methods are affective to take beta-islets and encapsulate 

them in a hydrated and biocompatible environment, which could be 

used for implantation 

 

 

8.3.4 Commercial Options 
• ViaCyte Device 

• TheraCyte Device 

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

8.5 Summary 
Stakeholder needs for tissue engineered products 
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9. ScarAvoid: a novel 3D foam to treat chronic skin wounds and scar tissue 

formation (M. Rottmar) 
 Possible exam question: Why was curcumin added to the scar avoid construct? 

9.1 Skin wounds a problem on the rise 
Worldwide wound prevalence by type: 

• 100 million patients develop scars in the developed world each year as a result of surgery or after trauma 

• Hard-to-heal wounds represent a major medical problem 

• Aging society will lead to an drastic increase of hard-to-heal wounds 

• Surgical wounds: most prevalent kind of wounds -> develops scars 

• Chronic wounds will increase with time. This will be a problem, because don’t heal by themselves (hard-to-heal) 

• Foam-Dressings: compound annual growth rate from 2012 to 2020 at about 12% -> high commercial interest 

 

 

 

 

 

9.2 Wound healing is a complex process 
• Coagulation and Inflammation: within a few hours 

• Migration/proliferation: within days 

• Remodeling: weeks to month -> to reconstitute the lost tissue in the wound 

 

• Excessive matrix degradation and lack of granulation tissue (support structure)  major problem of hard-to-heal 

wound  

-> cells have nothing to grow into if there is too much degradation of newly formed matrix 

• Excessive fibroblast to myofibroblast differentiation  scar formation 

-> Due to mechanical stress or growth factors (e.g. TGF-β) there is 

an activation into proto-myofibroblasts and then to 

myofibroblasts, which secrete large amount of collagen. This 

ultimately leads to (enhanced) scar formation. 

9.3 Our envisioned solution: ScarAvoid 
A biodegradable 3D scaffold that 

• stimulates correct skin regeneration (via controlled internal porous scaffold structure) 

• prevents scar formation (via release of curcumin as an anti-scarring agent) 

 

P4HB: 

• non-toxic 

• degradable 

• degradation products don’t 

lead to any toxic byproducts 
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9.4 Scaffold fabrication 
Foaming of P4HB with supercritical CO2 (sCO2) 

• sCO2 is chemically stable, reliable, low-cost, non-toxic, non-flammable and readily available 

• Should allow direct incorporation of bioactive substances into the foam 

-> supercritical: has a density like gas, but a viscosity like a liquid (achieved at a certain 

temperature and pressure) 

 

Requires optimization of:  

1. Temperature window, namely Tsat and Tfoam  Tm of P4HB: approx. 60°C 

-> extremely important, because start with polymer and in order to mix it 

with the CO2  we need to melt the polymer and allow the diffusion of the 

CO2 into the polymer-melt  

2. Saturation pressure psat and time tsat 

-> to melt the polymer and to achieve the supercritical state of the CO2 and 

need a certain time for the soaking stage 

3. Depressurization rate ∆P and time tfoam 

-> Can form the 3D scaffold, where we have gas formation which leads to the pores in the scaffold 

9.5 Control over the scaffold internal structure 
 

• With increasing pressure, there is a decrease in pore size 

• With increasing temperature, there is an increase in pore 

size 

-> Good, because can select the pore size 

• Pores are quite good interconnected throughout the 

whole scaffold 

 

 

9.6 Cellular response to P4HB scaffolds 
Fibroblast adhesion and cytotoxicity of the P4HB scaffold (after 5 days) 

• Fibroblast attachment to the P4HB scaffold 

• Cellular invasion into the scaffolds 

• No harmful effects on cell survival and proliferation (5d) 

• 3D structure of scaffold does promote cell growth compared to 2d TCP 

9.7 Curcumin – an anti-scarring substance? 
Prevention of fibroblast to myofibroblast differentiation by curcumin (CU) 

• Curcumin (CU) with concentrations ≥ 16μM can reduce TGF-β1 induced 

differentiation of fibroblasts into myofibroblasts 

-> green fluorescent dye is almost not visible anymore in the 20μM CU  

• No harmful effect of CU < 20μM => If higher, it will be less suitable for a cell 

culture, because will have a certain toxic effect. In vivo the situation will 

probably be quite different. 
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9.8 Incorporation of curcumin into P4HB scaffolds 
Loading of the P4HB foam with CU via prior to foaming with sCO2  

• Foaming possible 

• Homogenous distribution 

• No phase separation 

-> With increasing concentration of curcumin, we see increasing orange-like color, indicating that there is more of 

the curcumin being incorporated 

9.9 Release of curcumin form P4HB scaffolds 
Long term curcumin release should occur upon scaffold degradation 

 

 

 

 

 

 

 

• Didn’t see any degradation in PBS over 14 days to 3 weeks 

 BUT: with 8M acetic acid we see complete degradation by day 14 

• No degradation of the scaffolds with only minor and slow release in aqueous medium 

• Complete degradation of the scaffolds within 2 weeks and continuous/high release of curcumin under acidic 

conditions 

• curcumin loading and release show a good correlation 

9.10 Is the processed curcumin still bioactive? 
The released curcumin should counteract myofibroblasts differentiation 

• Extracts are able to counteracts differentiation of fibroblasts to myofibroblasts 

• Cumulative extracts (3 days) are not cytotoxic 

The curcumin loaded P4HB scaffolds should be anti-inflammatory 

• P4HB scaffolds induce a minor inflammatory response 

(likely due to trace amounts of LPS, not “medical grade” 

P4HB was used) -> P4HB scaffold alone results in a quite 

high upregulation of the marker expression 

• Curcumin loading show a strong anti-inflammatory effect 

 Curcumin remains active in the scaffold! 

-> Curcumin leads to a downregulation of pro-inflammatory 

markers 

 Important for remodeling phase 

- Gene expression of pro-inflammatory markers by naïve macrophages after 24h on P4HB scaffolds 

- pro-inflammatory: CD197, CXCL10 

9.11 Proof of concept – in vivo evaluation 
• P4HB scaffolds show degradation in vivo (rat model)  

• Curcumin-loaded P4HB scaffolds lead to reduced scarring (i.e. less vertical 

depression, better organized tissue morphology) 
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9.12 Summary 
• P4HB scaffolds can be produced by sCO2 foaming and internal scaffold structure can be controlled by process 

parameters 

• Fibroblasts show good attachment, invasion, and no cytotoxicity of scaffolds 

• Curcumin can be incorporated (u to 10%wt) into p4HB foams by mixing into the precursor (without influencing the 

foaming) 

• Curcumin loading and release from the scaffolds show a good correlation, with a continuous release of curcumin 

paralleling the scaffold degradation 

• The bioactivity of curcumin is not influenced by the foaming process, as demonstrated by anti-scarring and anti-

inflammatory effects 

• Curcumin-loaded P4HB scaffolds show degradation and lead to reduced scarring in vivo (rat model) 

 curcumin loaded P4HB scaffolds show great promise for a future application 
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10. Additive Manufacturing (3D printing) of Metals (Dr. Christian Leinenbach) 
Outline  

• Additive manufacturing technologies for metals  

• AM materials for biomedical applications  

• Properties of metallic AM parts and typical processing defects 

10.1 Additive manufacturing (AM) technologies for metals 
What is additive manufacturing?  

• Additive manufacturing refers to a layer-by-layer process 

in which a component is built up on the basis of a digital 3D 

design data by depositing material.  

• The material is only created during the process!  

-> different from conventional manufacturing technologies 

 

- material is sliced in the 2nd process into many different 

slices and used to control the machine 

- pre-processing: purely digital 

- manufacturing of the actual part: in real part world will be 

hard ware that we are producing 

Additive and subtractive manufacturing 

• Subtractive Manufacturing begins with a certain amount of 

material and carves out the desired shape (cut out the things 

that you don’t need), resulting in large amounts of waste  

• Additive Manufacturing only uses the material needed, 

resulting in minimal waste -> starting material is small 

powder, which then will be consolidated using the additive 

manufacturing technique -> ideally can recycle a lot of 

material  buy to fly ratio (comes from airplane 

manufacturing): tells you with how much material you have 

to start it in order to have a functional part for a certain 

weight or size 

Vision: the digital spare parts warehouse 

-> can digitalize the whole body (X-ray,…) -> the info could be stored (on a USB-stick) and that can be transferred to 

the AM machine and out comes the implant  still in progress 

 For metals, we do not really use 3D printers, but full-size machine tools (which are much more expensive) 

10.2 3D Printing Techniques for Metals 

10.2.1 Laser powder bed fusion (L-PBF) 
• Other terms: Selective Laser Melting (SLM), laser cusing, laser sintering, laser metal fusion… 

 

- on the left side we have a powder reservoir (fine metallic 

powders) -> powder is deposited on a built plate -> material is 

consolidated using fast scanning lasers 

- after one layer has been consolidated, the built plate is pulled 

down and then new powder is deposited on the built plate and 

the whole process starts all over again 

 most widely used technique for additive manufacturing 
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• Part sizes (mm3): 50x50x50 to 800x400x500  

• Precision:  

• xy (Ø laser beam): 50 – 180 µm 

• z (powder layer thickness): 20 – 100 µm -> vertical direction: trade of between accuracy, preciseness and 

production speed 

• Scan velocities: usually ~1m/s (up to 15 m/s) -> pretty fast 

• Process temperatures: RT – 500 °C  

• Laser power: 20 – 1000 W at 1060-1070nm -> laser power determines the laser speed -> conventional lasers are 

used (not laser pointer, but manufacturing lasers) -> can melt or evaporate every material if you focus these laser 

beams on just a small spot 

• Process atmospheres: N2/Ar (laminar flow) -> use shielding gas -> locally they are very high and have to protect 

that part also from oxidation 

 e.g. Pre-Process powder sieving 

 

Advantages Disadvantages 
• Comparably high precision  
• Comparably large selection of materials 
• Process interrupt/re-start possible  
• Printing of intricate geometries possible  
• Comparably low investment  
(still ~12’000 CHF) 

• Relatively slow process  
• Residual stresses -> can lead to distortion of 
the part 
• Support structures for angles < 45° required 
• Usually pronounced post-processing required 
(removal supports, heat treatments,…) 

 

Selective Laser Melting: 

- Laser beam has very high precision, which melts thin powder, selectively welding particles together 

- Can create intricate geometries with support structures, but requires lots of post-processing  

- Varied material selection, cheap 

 

Application examples L-PBF 

Medical technology 

• Tailored implants e.g. hip implants 

 

10.2.2 Electron beam melting (EBM) 
- instead of a laser, there is a high power focused electron beam used 

- electron beams can be manipulated using the electromagnetic lenses, 

because they have a charge -> this can be done much faster than the 

electromagnetic optical scanners -> looks like there are many spots, but 

actually there is one laser beam (not visible to the human eye) 

- to prevent the powder from flying away as a result of electrical charging 

-> powder would have a negative charge -> the whole powder bed is pre 

consolidated that this cannot occur => that’s why first the whole chamber 

is heated 

• 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  

• Processing temperatures: 500 – 1000 °C -> pre-heat the whole chamber 

• Power: 5-30 mA at 60 kV  

• Processing atmosphere: vacuum 
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Advantages Disadvantages 
• Fast  
• Low thermal stresses (because of the 
pre-heating) 
• Low degree of impurities due to vacuum 
• Relatively high precision 

• Extensive pre-/post-treatment  
• Limited materials selection  
• Limited size of build chamber, because 
need to create a vacuum 
• Little competition on the machine market  
 expensive 

  
Applications 

-> used in medical and non-medical applications -> surfaces are pretty rough 

 

10.2.3 3D binder jetting 
 

- 2 reservoirs: in one material that we want to consolidate and 

binder phase -> the two are mixed, that you get a waxy material 

- squeezed through novels on a built plate 

- binder phase is poured 

- pretty fast, because the printing hats that are used are similar to 

ink jets 

- disadvantage: multistep process (because after the 3D printing 

you’re not done) 

• 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 

• Metal powder is encapsulated in a polymer binding which must be melted 

• Requires extensive post-treatment to remove polymer and shrinkage after consolidation 

-> Printing itself is cheaper than the other technologies, however there is a multistep process, which makes the 

process time consuming and one needs to have the infrastructure 

 

Advantages Disadvantages 
• Rather low investment  
• Large selection of materials  
• Relatively high precision and good surface 
qualities 

• Material incorporated as particles in a paste or ink 
 chemistry (has to have the right binder, the right 
ratio between binder and particle phase) 
• Printing, de-bindering and consolidation in different 
steps (multistep procress)   slow  
• Pronounced shrinkage after consolidation; difficult 
to control in complex 3D parts  
-> volume changes of 20-30% (because of shrinkage) 
-> works not so good with asymetrical 

Applications 

- used on industrial scale 

- used for biomedical applications 
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10.3 Economical aspects in AM 
Complex geometries – «complexity for free» 

Conventional manufacturing:  

- the more complex your part becomes, the more processing 

steps are needed  

-> can make it really expensive 

- there are certain parts that you cannot produce (e.g. lattice 

structure) 

Additive manufacturing: 

- doesn’t matter how complex the part is -> can produce 

lattice structure 

-> costs are the same 

Future machines: will lead to reduced costs 

Low part numbers – «individualization for free 

Conventional manufacturing: 

- price goes down the more parts you have to 

produce -> mass production 

- very expensive for few parts production 

Additive manufacturing: 

- same costs for different number of parts 

- would be good for personalized implants 

 

 

 

10.4 Energy consumption 
Conventional manufacturing vs AM 

-> have to consider also pre-production of the material 

-> e.g. if have a high buy-to-fly ratio there’s much waist and this needs a lot of energy 
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10.5 Demands for AM powder – Goals for Metal Powders 
• «good» flowability, no agglomeration -> flowability: describes if we can make one homogeneous layer or if we 

have material clumped together 

• I.e. Does not stick to itself  

• Influenced by: morphology, size, roughness, moisture, Van der Waals (SR attracting forces), chemical 

composition (surface oxides) 

• High density -> powder particles have to fall into the gaps (so that we don’t have large pores) 

• High permeability 

• I.e. gas must be able to escape from the cavities in between powder particles, avoids dangerous 

reactions/wear  

• Pores cannot be removed during melting and solidification 

• Spherical  

• Size distribution  

• 15 µm < d < 50 µm (SLM)  

• 40 µm < d < 150 µm (EBM)  

• Shallow size distribution, for SLM/EBM sometimes addition of finer powder fraction for filling gaps  

• Not oxidized, low humidity 

 • Powders can be highly reactive  

• Need to avoid humidity, extinction with water is not possible 

• Question: How do we make a metal powder for AM? 

 

10.6 Creation of Powders 

10.6.1 Gas atomization 
• Alloy is molten in a crucible  

• Atomization with inert gases (Ar, N2) under high pressure  

• Solidification during flight in vessel  

• Alloy is created by melting in crucible and solidifies during flight 

• Particle geometry, microstructure and composition of powder determined by process gas  

• Spherical particles, relatively broad particle size distribution 

• Either with an Electrode (EIGA) or Plasma (PIGA) 

-> because of surface tension the droplets are pulled into a spherical shape and because they are quite small they 

dissipate the heat also very rapidly (means that they solidify during the flight) -> vessel should be large enough 

-> relatively simple, used for mass production of powders, quality is really good, most widely used technology 

10.6.2 EIGA/PIGA 
• EIGA = Electrode Induction Melting Gas Atomization  

• PIGA = Plasma-melting Induction-guiding Gas Atomization  

• Contact-free melting of a sharpened rod using a plasma or an induction coil  

• Suitable for producing powder from reactive metals such as Ti  

• Spherical powders with very low amounts of impurities (no reaction with crucible) 

-> PIGA: using a titanium wire, which is melted at the tip with the plasma torches (same can 

be done by using an induction coil, so also by using electromagnetic forces)  

-> particles also consolidate during flight and collect them at the bottom of the vessel 

-> difference to gas atomization: material doesn’t get in contact with any crucible material 

(ceramics,..), because it’s contactless melting process 

-> less impurities, but more expensive and not as fast as in the gas atomization process 
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10.6.3 High energy ball milling (HEBM)  
• Mechanical alloying from elemental powders and milling in a planetary mill  

• Particle size is a function of milling time (up to 24 h); very fine powders (< 1 µm) possible 

• Powder morphology influenced by use of additives 

• Suitable for producing powders from hard and brittle materials, composites 

• Alloy created by mechanical means (crushing)  

• Particle size varies  

• Breaking and Welding Phases 

-> put chunks of the material into the rotating drum (there are also ceramic balls) 

-> when balls hit each other, the material is crushed -> a lot of plastic deformation and heat -> mechanical milling of 

the powder 

-> can also be used to mix several metals together (really homogenically) or combining metals 

-> not so spherical shape, but can still use it (not the conventional powder manufacturing process)  

-> If you have materials that have a very high melting point, this method is a good alternative of making powder 

10.7 Powder 
Flowability: Influencing factors 

• Particle morphology (spherical, angular or edged)  

• Particle size distribution  

• Roughness/surface topography  

• Moisture  

• Short-range attracting forces (van der Waals)  

• Chemical composition (surface oxides) 

Safety aspects  

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

• Example: consider 1 kg Titan  

• Sphere, radius 3.756 cm  surface A = 177 cm2  

• Cube, side length ≈ 6.06 cm  surface A = 220 cm2  

• Powder (Ø 30 µm), not compacted  A = 12’112 cm2  

 Surface is increased from sphere to powder by a factor of 68 

• Powders from reactive materials such as Ti can start burning even at relatively low heat inputs -> burning metal 

generates a lot of heat -> can’t do much if it’s burning (can put sand on it and has to wait) 

• The temperatures can reach very high values >2000°C  

• Extinction with water not possible (decomposition into H2 and O2) 

 

10.8 Properties of AM parts and typical processing defects 

10.8.1 Metals used for biomedical applications 
• Austenitic stainless steel (Iron alloys)  

• 316L (X2 CrNiMo 17 13 2, 1.4404)  -> Hip joint, surgical tools, screws 

• Cobalt alloys  

• CoCr28Mo5C0.25 (Stellite21)    -> Artificial valve, plates, bolts, crowns, knee joint, hip joint 

• CoCr29W9Si1.5 (Dentaurum)    

• Titanium alloys  

• cp-Ti grade 2 (α-Typ) (as clean as possible) -> screw and abutment 

• Ti-6Al-4V (ELI) (α+β-Typ) (biocompatible) -> artificial valve, stent, bone fixation 

• Ti-6Al-7Nb (α+β-Typ)     -> crowns, knee joint, hip joint 

• Ti-24Nb-4Zr-8Sn (β-Typ)    -> crown, bridges, dentures, implants 

• NiTi shape memory alloy    -> catheter, stent 
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10.8.2 AM of titanium alloys 
Allotropy of Titan 

- Titanium changes its crystal structure upon heating 

- Below 882.5° we have α-Ti and above β-Ti 

- different lattice structure in α- and β-Ti -> gives the 

material certain properties 

 

 

 

• Ti has a high affinity towards oxygen and nitrogen -> Ti is really reactive 

• At room temperature, Ti forms a thin but stable oxide layer (4-7 nm) (which is a protective layer) 

• Responsible for excellent corrosion resistance  

• The oxide layer grows at elevated temperatures (>300°C)  

• At very high temperature and melting  penetration of oxygen (nitrogen) into the matrix and significant alteration 

of material properties (embrittlement) -> many impurities and brittle 

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

 

10.8.3 Commercial AM parts for biomedical applications  
• Titanium parts: - Lumbar interbody system 
   - Cranio-facial implant 
   - personalized hip implant 
• CoCrMo parts: - Dental: tree-unit bridge 
   - Femoral knee components and tibia trays 
 

10.8.4 Parameters influencing the part quality 
Process factors 
Laser-related:    Powder-related: 
 • Power    • Powder size 
 • Spot size    • Powder morphology 
 • Wavelength    • Powder bed density 
 • Type     • Layer thickness 
Scan-related:     • Material properties 
 • Scan speed   Temperature-related: 
 • Hatch spacing    • Powder bed temperature 
 • Scan strategy    • Layer thickness 
      • Temperature uniformity 

10.8.5 Support structures  
• Support structures between SLM part and build plate often requires  
• Tasks  

• Simple removal of part from build plate  
• Support for overhangs < 45° 
• Stabilization of part against warpage 
• Heat conduction into built plate 

 

10.8.6 Surface properties  
• AM parts usually exhibit a pronounced surface roughness  

• Roughness determined by powder particle size  

• EBM: Ra ≈ 20-30 µm  

• SLM: Ra ≈ 5-15 µm  

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

• Post-treatment (milling, grinding) possibly required, depending on application 
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10.8.7 Warpage / Thermal cracks 
 

- Formation of thermal stresses 

- When we cool we have very pronounced contraction (where the material was heated) 

- can be really severe 

 

 

10.8.8 Powder porosity  
• During powder atomization gas can be entrapped in the powder particles and form pores  

• These pores cannot be removed during melting and solidification (viscosity of the melt, short consolidation time) 

10.8.9 Incomplete powder melting  
•  Incomplete melting of individual powder particles 

•  Insufficient energy density or too small hatch distance 

-> risk to have cracks -> need  to adjust the laser parameters 

10.8.10 «Keyhole» porosity  
• Metal evaporation at too high energy densities vaporization (Verdampfen) of Metal  

• Formation of a narrow vapor channel in the center of the laser spot through which the laser can penetrate deeply 

into the material  

• Pore formation if the cavity cannot be refilled quickly enough 

10.8.11 Thermal post-treatment  
• AM parts are generally heat treated  

• Thermal residual stresses are relieved by heat treatments at comparably low temperatures (200-400°C)  

• Grain microstructure in AM parts is adjusted by heat treatments at comparably high temperatures (900-1100°C)  

• Thermal treatments affect the mechanical properties of AM parts 

-> have a lot of residual stresses that we have to get rid of (done by heat treatment) 

-> microstructure is stabilized, is adjusted during heat treatment and with that can also adjust mechanical properties 

of the parts 

-> almost impossible to avoid the porosity completely 

 

• Critical parts undergo a hot isostatic pressing (HIP) process -> high pressure vessel, 

which is filled with gas 

• A gas-filled vessel is heated to high temperatures 

p * V = R * T 

• By adjusting the temperature, pressure and time internal porosity can be widely 

eliminated 

 

10.8.12 Mechanical properties of AM parts 
Orientation dependence of strength and ductility 

• SLM processed TiAl6V4 samples  

• Tensile strength and ductility vary depending on the sample 

orientation  

 To be considered during design 

-> have a certain directionality of the microstructure and this 

is also seen in the mechanical properties 

-> picture: XZ: edge, ZX: vertical, XY: flat 
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11. Bioprinting (M. Zenobi-Wong) 
Learning Objectives 

• Know the scaffold-free and scaffold methods of bioprinting 

• Scaffold-Free BioPrinting (there is no biomaterial, just made of cells) 

• Extrusion BioPrinting (dominant technique until now) 

• Droplet BioPrinting  

• Stereolithography  

• Understand concept behind 3 Applications:  

• Flat organ (cartilage)   Extrusion Bioprinting 

• Tubular (blood vessel)  Extrusion Bioprinting (to print hollow structure, one needs to make specific 

changes to the nozzle) 

• Solid organ (liver)  Stereolithography 

• Solid organ (kidney)  Extrusion Bioprinting + Filtration Device 

 

Definition of Bioprinting 

“The use of 3D printing technology with materials that incorporate viable living cells, e.g. to produce tissue for 

reconstructive surgery” 

Classes of organs 

-> e.g. Cartilage, Blood vessels, kidney, liver 

=> Density of flat organ is lower than solid organs (which have dozen of cell types) 

Subtractive versus Additive Manufacturing 

- With additive manufacturing of these metal implants one is kind of using the waste product ->  make a 3D object 

- Advantage of additive manufacturing (is the same as the metal printing):  

-> can create more complex objects and even objects that wouldn’t be possible to make with subtractive 

manufacturing techniques  

-> has less waste 

-> personalization: make a personalized graft -> has patients own cells, graft is designed on the patients’ 

medical data 

 

11.1 3D Printing Modalities 
-> Plastic printing 

• Fused Deposition Modeling (FDM):  

- price is very low 

- method works by taking a spool of plastic, which gets melted and becomes liquid -> extruded onto the built 

plate in a layer-by-layer fashion 

- relatively slow process 

- relatively good resolution, transition between liquid and solid plastic takes place very quickly (immediately 

is locked in place -> allows to print overhangs) 

• Powderbed Printing 

- start with powder of polymer, then in a layer-by-layer manner either sinter the polymeric beads together 

or can spray some binder 

• Stereolithography 

- newer method 

- have a laser -> catalyzes polymerization of bed of polymer pre-cursors => light based 

- pull the structure out from the bath of liquid 

=> wouldn’t be possible for metal printing 
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11.2 How can these 3D printing methods be converted to use with hydrated polymers and cells? 
• Deposition Based 

 • Scaffold-Free 

 • Extrusion 

 • Droplet 

• Stereolithography based 

 • Projection 

 • Two-photon 

 

11.2.1 Scaffold-Free 3D Printing Methods 
- balls will be placed onto the needles  

- needles will have to fuse and self-assemble 

- a lot of work, there are a lot of steps 

With the Kenzan Method 

A: 

- make the balls of cells -> needs a lot of cells 

- need to be the same size 

B: 

- 3D model of what one wants to print 

C: 

- place the balls of cell onto the needles 

D: 

- needs time until one can remove the array of 

needles 

• each of cell balls can be a different cell type (multi-cellular) 

• because the tissue construct is only made of balls, there is no material -> very high density -> good for tissue like 

liver or kidney, because there one needs a high cell density 

 

11.2.2 Extrusion 
Ways to test printability 

- Initial Screening of Bioinks 

- Filament collapse test 

 

Initial Screening of Bioinks 

- put it into a seringe and try to put it outside (to see if can use the material to print) -> not good if it doesn’t flow 

good,… 

- Test to see if it material is printable 

- Bioprinting along the array of pillars and measuring how big the bioink can 

span 

-> orange: really lousy, because it’s not printing well 

-> yellow: really good (like honey) 
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Testing Bioink Printability with a Rheometer 

 

 

 

 

 

 

 

 

 

 

 

 

 

• property that allow the bioink to flow through a nozzle, called shear thinning 

- shear thinning means that the viscosity of the material is dependent on the shear rate  

- viscosity is dropping with shear rate (important, because if the material flows through the nozzle, the shear 

rate goes up and if the viscosity is high one wouldn’t be able to push the material out of the nozzle without 

using a lot of pressure, which would result in cell death) 

• property that allows the bioink that has just been printed to quickly recover and keep its shape, called shear 
recovery 

-  modulus of material drops, if have high shear 
• Reminder:  high viscosity -> honey 
  Low viscosity -> water 

• For which type of printing method is a good shear recovery and shear thinning property of the bioink NOT 

important? 

- Stereolithography and scaffold-free methods 

-> Stereolithography: not going to extrude a bioink, not going to put the bioink through a needle or nozzle, 

so not important to have shear recovery and shear thinning property 

-> Scaffold-free: not using a bioink  

-  would only be important for extrusion bioprinting and droplet bioprinting method 

 

Shear thickening materials act like solids at high shear rates 

- don’t want to have those for bioprinting 

- at higher shear rate, the material becomes more stiff -> shear thickening material (like cornstarch and water) 

Shearing Thinning Materials become Less Viscous at High Shear Rates 

 

- the higher the shearing, the less viscous the material is becoming  

-> can flow through the nozzle 

-> good for bioprinting 
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11.2.3 Droplet 
Droplet or Inkjet Printing 

- rheological properties of those 

bioinks are very different 

 

 

 

 

 

 

Mechanisms of Droplet Printing 

 

• Droplets can contain different cell 

types (analog to different colors in 

conventional printer)  

• Different forms of droplet formation 

(Thermal, Piezoelectric, Mechanical with 

plunger)  

• Different crosslinking mechanisms 

possible (dependent on bioink used) 

 

 

 

 

- layer-by-layer technique 

- wait a few seconds for the droplets to merge and usually crosslink the layer 

- many different materials/cells can be used 

- good for multi-cellular, multi-material approaches 

- use crosslinker ink, crosslinker spray, crosslinker solution in a bath (e.g. for alginate), thermal control (e.g. in 

gelatin), light irradiation 

Inkjet Printing Example 

- very high frequency 

- not very popular  

- main advantage is the ability to combine different kind of droplets -> because 

droplets are so small, the resolution is thought to be better than extrusion 

bioprinting 
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11.2.4 Projection 
Stereolithography Bioprinting 

Requirement for the biomaterial: Photopolymerization 

 

 

 

 

• Requires transparent Bioink  

• Polymerization triggered by light  

• Recoating: platform is lifted, new bioink flows beneath newly polymerized structure 

- need to have polymers that are activeatable by light (often UV light) 

- transparent bioink and in this example also a transparent container 

- Alginate wouldn’t work! 

- vat of liquid material, built plate 

- light initiates the polymerization of the bioink/bioresin 

- built plate needs to go up a little bit, bioink needs to flow in (recoating step) 

- Separation/recoating: very time consuming -> has to make this step as short as possible 

- layer-by-layer fashion 

- disadvantage 

- slow technique: recoating needs a lot of time -> and is layer-by-layer technique 

- only thing that polymerized is the blue thing -> a lot of waist 

 

Stereolithography is based on liquid polymer precursors which are crosslinked by light 

-> First layer exposure 20-60 seconds, normal exposure 5-15 seconds 

11.3 Application 1: Flat Connective Tissue - Extrusion Bioprinting 
Bio-Ink Composed of Gellan and Alginate 

- key property: shear thinning and shear recovery 

- this example involves 2 polymers -> combining alginate 

with a second polymer (gellan) 

-> very simple, undergoes cross-linking, has shear thinning 

properties and shear recovery 

 

 

 

Alginate/Gellan Gum is Shear Thinning 

Bio-Ink:  

• Gellan + Alginate  Crosslinking with Ca2+  

• Shear thinning + shear recovery necessary  

 Good rheological properties of bioink also given when cartilage 

particles are incorporated 

-> not only the bioink by itself, but also the bioink with the cells 

 has to have the shear thinning behavior 



Materials and Mechanics in Medicine HS20 – Chantal Widmer 

68 
 

BioPrinting Cartilage Structures 

-> e.g. ear, nose, meniscus 

- Polymeric solution, which has been posited on the built plate, but it’s not flowing (because of the shear recovery 

properties) 

11.4 Application 2: Tubular Blood Vessel – Extrusion Bioprinting 
Three ways to bioprint vessels 

 

Two most relevant cell types:  

• Endothelial cells  

• Smooth muscle cells 

-> has at least two cell types (endothelial cells and smooth muscle cells) 

 

 

 

 

 

Use of Coaxial Extruders to Form Vessels 

 

- nozzle in a nozzle (can also do it with 3 

nozzles) 

-> allows to place two bioinks inside (picture 

D: red and blue) in the middle cross linker 

-> print two layers and is also hollow (for e.g. 

vessel structure) => tri-axial nozzle 

 

 

• How can we bioprint two cell types at the same time with a tubular shape? 

-> picture D 

• Which bio-ink (on the picture D) would contain the endothelial cells?  

-> Would put the endothelial cells in bioink 1, because the inside of the blood vessel contains mainly 

endothelial cells and has the muscle cells around it (bioink 2) 

 

Printing Vessels with Tri-Coaxial Nozzles 
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11.5 Application 3: Liver – Stereolithography 
Bioprinting of Liver Tissue 

 

 

 

-  

 

Stereolithography Bioprinting 

 

- use DLP-printer 

- print two cell types -> endothelial cells and 

hepatocytes 

 

 

 

 

How good does the lithography-based ‘liver patch’ represent liver tissue? 

-> far away from the actual liver  

11.6 Exercise 5 (Additional Info) 

11.6.1 Bioprinting Techniques 
How do we 3D bioprint hydrogel precursors? 
Scaffold-Free 
• Creates cell aggregates (i.e. organoids), as natural cell-cell interactions take place  
• No biocompatibility issues  
• Via Kenzan Method or Organovo Method 

Scaffold-Based 
a) Inkjet bioprinting  

-> place them one by one and can get a quite exact pattern, however it takes a lot of time (because place 
them down one by one) 
-> needs a nozzle 

b) Extrusion bioprinting 
-> needs a nozzle 

c) Laser-assisted bioprinting 
-> have a donor layer 

d) Stereolithography bioprinting  
-> No nozzle needed, which results in no shear stress! 
-> it’s using light to transform a layer 
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11.6.2 Assessing Printability 
1. Initial Screening: 

a) drop or fiber formation -> Looking at surface tension, viscosity, and density of the bioink 

b) layer stacking or merging -> Looking at how the bioink interacts with itself when multiple layers are printed 

 

2. Rheological Evaluation 

a) flow initiation 

b) shear thinning 

• Viscosity as a function of Shear Rate  

• Faster extrude bioink from cartilage, more watery 

(less viscous)  

• Opposite of Shear Thickening (the faster you push 

the liquid, the harder it is) 

c) post-printing recovery 

 

Shear Recovery:  

• Storage Modulus as a function of Time 

 

11.6.3 Hydrogel Materials 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

11.6.4 Bioprinting Blood Vessels 
• Fun Fact: Blood Vessels are composed of all four tissue types!  
• Method 1: Thermosensitive Gel  

• Use of Pluronic (synthetic hydrogel)  
• Chemical properties lead to micelle formation  

• Method 2: Using Alginate  
• Alginate (organic hydrogel, from seaweed)  
• Use of Coaxial Needles  

• Method 3: Bioprinting onto Rotating Cylinder 
 

11.6.5 Additive Manufacturing vs Traditional Manufacturing of Metals 
• Pros: Patient-specific, personalized implants, intricate geometries possible, lighter weight, porous structures for 

better integration 

• Cons: slow manufacturing 
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12. Biofabrication of Volumetric Tissue Constructs via Light-based Bioprinting 

Technologies (R. Levato) 

12.1 Capturing the Shape-to-Function relationship 
 

- capture the geometry and multi-material composition 

of native tissues 

-> bioprinting: need to have re-maturation step 

afterwards, in which the material mature into something 

that functions as a tissue 

 

 

12.2 3D biofabrication of complex structures 
-> combine different classes of materials 

12.3 Introducing convoluted features and microchannels in hydrogels 
- Freedom of fabrication 

- Printing time depends on Z 

- High resolution 

- Polymer photochemistry 

12.4 Determinants of printing resolution and printability 
- Extrusion printing:  

- want to create filaments -> gels need to be able to flow, when exposed to pressure -> as soon as they are 

out of the nozzle this can be assembled into permanently stable filaments 

- rheology agreement (??) process 

- Lithography 

 - is based on photochemistry, the reaction kinetics 

 

12.5 Bioresin preparation and visible-light printing 
- 10% PVA-MA + photo-initiator + food dye 

- Step height = 25 to 50 μm 

- Voxel size = 25 to 50 μm 

- Irradiation dosage = 0.1 mJ/cm2 

-> Dye did partially absorb the light, that you’re using to print, so outside the pixel you don’t have light diffusion 

-> With dye: nice cube 
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12.6 Perfusable complex channels and microvascular-like networks  
- can create thin networks inside the gels 

- perfusable channels (200 μm) 

- anatomical free-from vessel fabrication 

- minimum voxel: 50 μm 

12.7 Layer-by-layer manufacturing: rapid prototype, but how rapid? 
- Extrusion based 

- DLP (digital light processing) 

Example: converged MEW + extrusion bioprinting  

-> MEW: very high resolution technology, but the downside is that its particular (?) is low, because are printing with 

micrometer sized fibers 

-> if you want to design a very large construct, you will need increasing amount of time 

-> with increased time the normalized metabolic activity goes down 

12.8 From 2.5D-layers t o3D field-based manufacturing 
- Two-photon polymerization: Point-in-volume 

- SLA (Stereolithography): point-in-layer 

- DLP (digital light processing): layer-in-layer 

- Volumetric bioprinting: volume-in-volume 

-> Concept of visual tomography and apply it in reverse (for volumetric bioprinting??) 

-> process is really quick 

12.9 Improved printing time, surface finishing and free-form fabrication 
 

 

 

 

 

 

 

Extrusion printing:  

-> the bigger it becomes, the longer it takes to print (up to almost 2 hours) 

DLP (digital light processing):  

-> time increases linearly -> doesn’t matter the geometry between the different layers, it’s only the height that 

influences the printing time 

-> can see the individual pixels of the projector really nicely  

Volumetric printing: 

-> can see really smooth surface 
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12.10 Volumetric bioprinting preserves cell viability and metabolic activity 
- can print cells without compromising the viability 

 

 

 

 

 

 

 

 

 Possible question for exam: Is DLP (equivalent of Stereolithography) a layer-by-layer technique? 
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13. Mechanobiology (J. Snedeker) 
Educational Goal 
To gain understanding of how biomaterial design and mechanobiology combine to provide a powerful tool for 
regenerative medicine 

13.1 Mechanics as a key ingredient in physiology and biomaterial design 
13.1.1 Mechanics in (applied regenerative) medicine 
Key Ingredients of tissue engineering 

a. cells  

- proteins from body are coming from cells 

- from pluripotent to differentiated cells 

- different cells in body have specific physiological content, mechanical function 

- ECM in different part of the body is really specific 

- cells have specific local environment and also the extracellular niche is cell specific 

b. scaffolds  

c. bioactive factors  

d. mechanics and physical cues 

 

Scaffolds to Deliver appropriate mechanics and contact 

b) Biomaterials can be formulated 

into different physical forms, such 

as nanofibres, microspheres, 

woven scaffolds and intricate 3D 

printed materials, to mimic 

cartilage properties and to 

support cell seeding and the 

development of bulk cartilage.  

c) Softer hydrogel materials, 

including proteoglycans, 

fibrinogen, synthetic peptides and 

chitosan, provide an alternative 

approach to cartilage repair by 

working to activate endogenous 

stem cells after procedures, such 

as microfracture or combination, 

with intra-operative biologics to promote wound healing. 

- biomaterial as a cell carrier 

- hold them in stem cell niche, where you don’t allow them to have many biological cues -> guide their behavior until 

their in place in the body 

- PEG-fibrinogen: Fibrinogen gives the material strength, PEG holds the cell in place, is bioinert 

- PEG hydrogels are really porous (nutrients can go in and out through diffusion), but there is no structure in there 

(very little guidance) 

- Nanofibers: start to look like ECM, cells can feel this fibers  

- Scaffold, mechanics, shape, alignment and topology are really strong drivers of the behavior of the cells, which are 

attached to them and take very clear instructions from the scaffold of how to behave 

- kind of how they feel the forces, the fibers requires mechanotransduction, the ability to feel shape, sizes, 

structures, aligned or not, round or elongated,…  
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Bioactive factors 

Mechanisms regulating cell behavior and modifiable aspects of biomaterials (scaffolds).  
(A) Cell behavior is influenced by a variety of extracellular signals and 
then tightly regulated inside the cell. Different classes of surface 
receptors are used to bind diffusible molecules (for example, G protein–
coupled receptor and growth factor receptors), for cell adhesion (for 
example, integrins and syndecans), or to bind receptors on other cells 
(for example, cadherins and eph-ephrins). Once these surface receptors 
are activated, the signal is propagated through intracellular pathways 
and into the nucleus. Transcription is controlled in a variety of ways, 
including transcription factors and chromatin modifications, and several 
noncoding RNAs regulate gene expression. 

(B) Scaffold functionalities that can be altered to improve bioactivity. 
Some of these, such as geometry, mechanical properties, signaling 
displayed functional groups, and degradation rate, are inherent 
properties of materials and are less likely to achieve their effect through 
chemical means. Incorporating proteins, nucleic acids, biopolymers, or 
aptamers can also increase the bioactivity of the scaffold.  

- different parts of DNA are hidden or exposed, depending on what the cells job is 
- typically cross form outside to inside  
- Integrin: mechanically cross, transmembrane protein, grabs ECM on one side and then connects to the 
cytoskeleton and allows a fairly direct mechanically communicaiton between extracellular and intracellular space 
- if there is glucose, it’s an nutrient rich environment -> receptor gets activated, when bound to glucose 
- when we built a biomaterial, we know that the cells are going to attach to biomaterial -> can manipulate how the 
cells interact with the biomaterial 
- if PEG hydrogel has no surface chemistry on it, the cells won’t attach to it 

Mechanics and biophysical stimulus 

 

- tissue starts to remodel: 

mechanics and strains of tissue 

guide the new deposition in the 

arm 

- bend the bone -> bone grows 

underneath the membrane 

- Mechanics really drive biology! 

- (cell, which is normally not under 

mechanical load and then put it 

under mechanical load, then you 

know something bad is going on) 
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- collagen IV: important for formation of basement membrane or around blood vessels -> if you don’t have 

mechanics, the collagen IV won’t be in the right place (then the whole biology won’t work, because collagen IV is 

really important) 

Design of therapeutic biomaterials can be viewed as an attempt to control wound healing toward “scarless 

healing” 

• Cell recruitment: “Calling in the right kind of cells” can yield improved healing outcomes.  

• Steering recruited and resident cells: Stem cells (recruited progenitors); Fibroblasts (matrix producing “support” 

cells); Macrophage & Neutrophils are immune cells that mediate inflammation and damage repair. They can be 

tissue resident or recruited  

• Durotaxis (physical gradients) and chemotaxis (chemical gradients) can be presented by a biomaterial to guide cell 

movement and behavior. 

 

 

- Injury: chemotaxis, inflammation (which attract certain cells to 

an injury), cells crawl into the injury and start to be recruited 

from the blood supply into the wound, cells start to lay down a 

provisional matrix and stem cells start to differentiate 

(proliferate), start to populate the wound with the cellular 

material that is required to make the wound heal itself 

- all this processes are guided by the mechanics in the tissue 

- cells are behaving based on what they feel -> mechanobiology 
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13.1.2 Physiological and Medical Context: ECM in wound healing 
• Phase 1: Blood cell products (platelets), very temporary 

matrix scaffold (fibrin), stimulatory proteins (these recruit: 

vascular and other tissue related stem cells; macrophages 

& immune cells; fibroblasts)  

• Phase 1-2: Granulation tissue forms (mixture of all 

required “players”: stem cells, immune cells, other cells, 

fibronectin, smaller collagens & proteoglycans)  

• Phase 1-3: Revascularization (vascular modeling) and 

vascular remodeling (larger collagens, lamin)  

• Phase 3: “Scar” tissue remodeling (toward “normal 

tissue”): optimal cell types; optimal matrix (usually less or 

no fibronectin; fewer smaller collagens and proteoglycans; 

toward larger collagens and elastin) 

• Blood cell products form a temporary matrix scaffold (fibrin)  

• Scaffold necessary for cells (keratinocytes, fibroblasts, immune cells..) to migrate into wound  

• Scaffold acts as reservoir for cytokines and growth factors 

13.2 ECM as a major physiological “driving cue” 

13.2.1 Wound healing 
Haemostasias and Inflammation   Tissue Modeling   Tissue Remodeling  

• Phase I: Haemostasias and Inflammation   Stop the bleeding, 

lay ground work for repair  

• Phase II: Cell proliferation / Tissue modeling  recruit or 

create necessary cell populations; create template for 

regenerated tissue; return organism to function ASAP!  

• Phase III: Tissue remodeling  Optimize tissue toward pre-

injury status (seldom reached) 

 

Physical contact between a cell and its local environment (‘matrix’) is a central driver of cell behavior 

• a defined amount of fibronectin in single patch -> cell dies by apoptosis 

• the same amount of fibronectin distributed in small spots -> cell spreads, survives, and grows 

 

Different cues, different cell response 

 

- cells have to make decisions  
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13.2.2 Extracellular Matrix: important chemical and mechanical cues 
 technology viewpoint: HIGHLY RELEVANT to Cell-Biomaterial Interaction 

• Cells are often connected to a protein network known as the extracellular matrix (ECM). 
• Many cellular processes involve interactions between the ECM and the cell:  

• Cell-Cycle  
• Migration -> e.g. started to change the shape 
• Differentiation -> change the behavior 
• Apoptosis  

• The ECM not only connects cells together in tissues, but also guides wound healing, embryonic development and 
tissue regeneration. 

 

A model of the molecular structure of basal lamina 

(a) The basal lamina is formed by specific interactions 

(b) between the proteins laminin, type IV, collagen and nidogen, and the 

proteoglycan perlecan 

 

 

 

13.2.3 “The Extracellular Matrix: Not just Pretty Fibrils” (Hynes 2009, Science) 
• The extra cellular matrix simultaneously provides to cells:  

• Active biochemical cues  

• Active biophysical cues  

 which drive cell behavior 

• The extra cellular matrix (and its biomechanical properties!) inform biomaterials design for regenerative medicine 

 

13.3 Mechanics as a key ingredient in physiology and biomaterial design 

13.3.1 Designer approaches to engineer biomaterials for mechanobiology 
 

 

 

 

 

 

 

 

 

- biomaterials mimic the ECM 
- depending on how we design the biomaterial, we can elicit different cell behaviors -> part of it is dependent on the 
chemical part of it (where do we allow the cell to attach, adhesive ligand) and can also control the special 
contribution (density and where they are located) 
- make a more chemically cross-linked material, then we can control not only the availability of the ligands, but also 
the stiffness of the constrict  
-> If have twice as many cross-links in the material, then it’s going to be stronger and stiffer  
-> If we have more cross-linking and don’t take care of the ligands, then we end up with denser ligand material 
=> Add a lot of cross-linking, typically increase mechanical stiffness of the construct and also the density of cell 
adhesive ligands 
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13.3.2 Mechanics and biophysical stimulus 

Forces as a key ingredient of tissue engineering 

 

 

 

 

 

 

 

 

 

 

 

a) Stem cells can be transplanted on or in synthetic matrices with defined mechanical properties, such as stiffness 

and viscoelasticity, that promote proliferation and/or a particular stem cell fate; in this example, stem cells are 

programmed by the matrix to enhance bone repair in the mandible.  

b) Stem cells can be pre-conditioned for a period of time (Δt) with mechanical cues, either by culturing on or in 

matrices with specific stiffness or viscoelasticity or by applying external forces (Fe) of a desired strain and rate to the 

substrate, before collection of cells for localized (for example, skeletal muscle site) or systemic delivery. 

c) Mechanical cues of stiffness and viscoelasticity can also be used in vitro to mimic embryonic development by 

driving stem cells to undergo selforganization, differentiation and morphogenesis into organoid tissues over time 

(Δt), which could then be subsequently transplanted for organ repair or replacement — in this example, repair of the 

colon.  

d) Direct application of external forces can be utilized to improve regeneration by endogenous stem cells — in this 

example, stem cells in injured skeletal muscle tissue. Both the absolute magnitude of strain and the rate of 

application may regulate the regenerative process. Fi, intrinsic forces. 

- If you bring stem cells into a synthetic niche, you can guide the behavior of the stem cells by controlling the 

stiffness and viscoelasticity 

- Use biomaterials to grow them in a laboratory and pre-expose the cells to a certain behavior -> it’s really important 

on how you culture the cells 

- Viscoelasticity: how tight is the structure, how quickly does the water goes in or out of the structure,… 
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13.4 How cells sense mechanical signals and convert them to “downstream signaling pathways” 

(molecular level) 

13.4.1 Mechanotransduction 
A major challenge in the field of mechanobiology is understanding 
mechanotransduction—the molecular mechanisms by which cells sense 
and respond to mechanical signals.  

Stretch-activated ion channels, integrins, cadherins, growth factor 
receptors, myosin motors, cytoskeletal filaments, nuclei, extracellular 
matrix, and numerous other cellular and molecular structures and 
signaling molecules have been shown to contribute to cellular 
mechanotransduction.  

In addition, cell-generated traction forces contribute significantly to 
these responses by modulating tensional pre-stress within cells, tissues, 
and organs that govern their mechanical stability, as well as mechanical 
signal transmission from the macroscale to the nanoscale… 

- on cell level there is mechanotransduction (= what exactly is going on in the cell, that allows it to convert a 
mechanical stimulus into a signal) 

Cell architecture is important to understand mechanotransduction 

• ECM  

• Cell membrane  

• Cytoskeleton  

• Nucleus 

Sensing Mechanical Signals: 

• Stretch-activated ion channels  

(e.g. mechanosensitive ion channels)  

• Integrins  

• Cadherins (cell-cell adhesion) 

• Cytoskeletal filaments 

 

What is “mechantransduction? 

”The sensation of mechanical signals and the conversion of these to biochemical signals” 

• external matrix forces trigger various transmembrane sensors that activate or deactivate signaling chains.  

• examples of how this works:  

1. Integrin activation -> focal adhesion mediated mechanotransduction 

2. Stretch-activated ion channels -> force on the membrane, tension on the bilayer, has a design that ions 

can move in and out 

• external matrix forces activate enzymes which can activate or deactivate signaling proteins depending on the 

signaling chain. (protein kinases, or phosphatases respectively phosphorylate or de-phosphorylate signaling proteins) 

• many signaling kinases are calcium dependent -> kinase signaling is very heavily mechanically regulated 

- shear stress: e.g. with fluids  

- Cyclic strain: stretch the thing that the cell is on, the cell will feel 

this 

- Matrix stiffness: sense this if the cell pull -> many cells start to move 

in the direction of the stiffer substrate 

- Confinement: cells sense if they can spread out or not 

- Matrix composition: mostly biochemical 

- Topography: if something is flat or not 
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- the whole process is mechanobiology 

- conversion mechanical force through the protein into 

a biochemical signaling 

 

 

 

 

 

 

(Focal adhesion) Mechanotransduction 

Local forces are applied to integrins that bind to the extracellular matrix (ECM).  

These forces are concentrated at focal adhesions (force sensitive protein complexes) with stretch induced 

conformational changes in the important mechanosensory proteins talin and vinculin. Here, binding domains on the 

focal adhesion proteins are exposed by mechanical stretch, inducing mechanically activated signaling.  

Various kinases are activated by mechanical stretch at the focal adhesion. One of the most important is Focal 

Adhesion Kinase (FAK).  

FAK activity elicits intracellular signal transduction pathways that promote the turn-over of cell contacts with the 

extracellular matrix.  

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). 
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- In this example: talin and 

integrins would be the 

focal adhesion complex 

 

 

 

 

 

(Nuclear) Mechanotransduction  

Extracellular forces transferred to the cell via integrins and focal adhesions are channeled to filamentous (F)-actin, 

which is made tense by myosin II, and generates a whole-cell prestress.  

F-actins are connected to microtubules (MTs) and to intermediate filaments (IFs) through various protein linkages 

(e.g. plectins). IFs are also connected to MTs.  

F-Actin and IF are ultimately interconnected with the outer nuclear membrane by various linker protein complexes 

(e.g. Nesprin family).  

The F-actin cytoskeleton is also connected to the inner nuclear membrane (via SUN family of proteins). Owing to 

cytoplasmic viscoelasticity, force propagation from the ECM to the nucleus can take on the order of milliseconds. 

The cell cytoskeleton is thus physically interconnected to the nuclear lamina and nuclear scaffold, which also attach 

to chromatin and DNA. The spatial configuration of the nuclear scaffold could be affected by mechanical forces, 

acting to regulate gene transcription.  

The force channeled into the nuclear scaffold could thus directly affect gene activation within milliseconds of a cell 

surface deformation.  

By contrast, it takes seconds for growth factors to alter nuclear functions by eliciting chemical cascades of signaling, 

which are mediated by motor-based translocation or chemical diffusion. LINC, linker of nucleoskeleton and 

cytoskeleton; rRNA, ribosomal RNA. 

The interconnected network of proteins 

constituting the nuclear scaffold can 

carry mechanical loads, and deforms in 

response to cytoskeletal force (F, 

arrow). 

A. This could alter self-assembly of 

regulatory complexes or other 

molecular structures that are important 

for gene regulation. 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.  
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B. 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 (green).  

C. Force application through the cytoskeleton to nuclear pores might increase nuclear transport and influence post-

transcriptional control of gene expression (through altered mRNA transport). 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.  

Focal Adhesions  F-Actin (filamentous)   Nuclear membrane 

 

• Cytoskeleton is physically interconnected with the nuclear 

lamina and the nuclear scaffold  

• Nuclear scaffold attached to chromatin  Regulation of gene 

transcription due to altered accessibility of DNA 

 

 

 

13.4.2 Mechanotransduction: a cellular view summary 
 

 

 

 

 

 

 

 

 

 

 

13.5 Mechanobiology: a flow chart summary 
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13.6 Take home messages  
• Failure of tissues to self-repair is at the root of many clinical disorders  
• Tissue self-repair and wound healing have many overlapping biological components (cell proliferation, 
differentiation, matrix turnover)  
• Wound healing is important for biomedical engineers to understand, as any implant elicits a wound healing 
process that must be understood and channeled toward a beneficial patient outcome  
• Biomaterial based strategies can use matrix based cues to guide healing processes, and are particularly powerful 
for steering early “tissue templating” during the wound healing process  
• Mechanics are a central element that guides cellular behaviors during wound healing, placing the cells in the 
context of tissue structure and function.  
• Mechanobiology is an interdisciplinary science that encompasses multiscale biomechanics, the cellular sensation of 
forces, and the cellular transduction of these physical signals into “classic” signaling pathways 

13.7 Practical examples from Orthopedic and Trauma Medicine 

13.7.1 Mechanics driven tissue healing – from initial scar formation to long term remodeling 
 

-> wound 

healing is 

heavily driven 

by 

mechanobiology 

 

 

 

 

 

Within a few hours after fracture, the extravascular blood cells form a blood clot, known as a hematoma. All of the 

cells within the blood clot eventually degenerate and die. Within this same area, the fibroblasts and stem cells 

survive and proliferate. They form a loose aggregate of cells, interspersed with small blood vessels, known as 

granulation tissue. 

Days after fracture, many of the skeletal progenitor cells in the wound and surrounding tissue around the fracture 

gap develop into osteoblasts that begin to form woven bone – a largely unstructured type of bone.  

Fibroblasts within the granulation tissue develop into chondroblasts which can form hyaline cartilage.  

These two new tissues grow in size until they unite with their counterparts from other parts of the fracture forming 

what is known as the fracture callus. Eventually, the fracture gap is bridged by the hyaline cartilage and woven bone, 

restoring some of its original strength.  

The next phase is the replacement of the hyaline cartilage and woven bone with better organized bone, and a 

supporting vasculature system.  

Eventually, 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. 

 Don’t want to grow bone in cartilage. If this happens you’ve got serious problems!  

A lot of those steps (where you go from one thing to the next) are very mechanical driven processes. With 

hematoma it won’t be possible to put pressure on it. Bone needs to be stable enough to use it. Mechanical forces 

are really important for guiding how the tissue and the cells inside the wound are going to lay down the extracellular 

matrix that they are making (Mechanical forces are guiding the tissue repair). There’s going to be bending, axial, 

normal and shear stresses. Biology has to be guided by the mechanics! 

  



Materials and Mechanics in Medicine HS20 – Chantal Widmer 

85 
 

13.7.2 Bone healing and psudoarthrosis 
Fibrous Tissue: Cells: Fibroblasts; ECM: mostly Type-I collagen with fibers aligned in direction of tissue loads  

Cartilage Tissue: Cells: Chondroblasts and chondrocytes; ECM: mostly type-II collagen in a heavily hydrated 
(proteoglycan rich) matrix.  

Fibro-Cartilage Tissue: A mix of the above tissues; seen in poorly healed skeletal tissues, and some “healthy tissues” 
with extremely heavy mechanical demands (tempromandibular joint, or the “chewing joint”, of the jaw)  

Bone Tissue: Cells: Osteoblasts and ostocytes; ECM: Mineralized Type-I collagen matrix – a fiber reinforced ceramic. 

 

 

 

 

 
 

 

This complex, sequential process is heavily governed by mechanical 
stresses (solid stresses, fluid shear stresses) in the tissue.  

These drive cell differentiation, proliferation, and matrix 
formation. 

Too much load and/or too much motion – and the healing process 
will fail.  

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

 

 As the bone is healing over time, the extracellular matrix is being produced. The ECM as it’s being produced is 

loaded and deforms a lot. Then you have large tissue shear strains and a lot of fluid flow. If you have large strain and 

fluid flow the tissue has to be soft to deal with the large motions and this is where fibrous connective tissue comes 

in. As the tissue is increasingly stabilized, the mechanical stimulus and the fluid flow are reduced. The cells start to 

shift their behavior in a more cartilage type tissue. As the tissue becomes more increasingly stable, then it starts to 

ossify, which means to make the ECM stiff (can’t go back afterwards).  

Excessive tissue strains 

Psudoarthrosis (a.k.a. fracture non-union) is a fracture that has not been (and will not 
be) bridged by calcified tissue. This results in a “false joint” between bone fragments 
made of fibrous tissue around which the bone fragments move. This is one of the 
largest complications of bone fracture, and has been a major driver of orthopedic 
innovation (and Swiss Industry) in the last 30 years. 
-> e.g. Instead of one bone with tow joints has two bones with three joints 
-> Break a bone and ends can’t find themselves, stop looking for each other, seal 
themselves off and then soft tissue forms in between. So you end up with soft tissue in 
between instead of ossified bone and this is often due to too much motion between the 
fracture ends. 
-> Poor engineering implant support of the bone is called stress-shielding, which is 
basically removing the load of the bone and then the biology just goes. 
 

Scaphoid (wrist bone) pseudarthrosis before and after surgical fixation 
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13.7.3 Bone resorption from “stressshielding” (insufficient tissue strain) 
 

• Stress shielding: a famous (historical) mechanobiological problem in 

orthopedic medicine and implant design. 

• Stress shielding or bone resorption is seen in areas that are relatively 

unstressed.  

• The forces are transmitted through the relative stiff femoral stem and is 

seen as osteoporosis in the proximal femur with thinning of the cortex and 

bone resorption of the femoral neck. 

 Calcar Resorption: pathological bone resorption due to stress shielding 

 

 

 

13.7.4 Tissue ingrowth into an implant (must have correct balance of tissue strains) 
• Appropriate tissue Ingrowth: an essential requirement for clinical success of 

most implants. 

• In stable non-cemented hip arthroplasties (partly mineralized) fibrous tissue at 

the metal-bone interface does occur, as it usually is a combination of bone 

ingrowth and fibrous tissue ingrowth, that provides the fixation in most cases.  

• This fibrous tissue presents as a lucent zone at the interface. It should be 

stable and well within a range of 1 -2 mm. 

 As soon as the bone starts to resorb, 

eventually the thing gets lose and the 

implant will start to slide. Cells become 

active and start to make ECM, start to lay 

down fibrous tissue. End up with soft tissue, 

instead of hard tissue. 

13.8 Review of Key Points (mechanobiology) 
• 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  

• 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. 
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13.9 Exercise 7 (Additional Info) 
Extracellular Matrix (ECM) 

The ECM is a collection of extracellular molecules secreted by cells that provides structural and biochemical support 

to surrounding cells. 

Cells and ECM are in a Continuous Cross-Talk 

• Cells secrete factors which modify the surrounding matrix  

• Signals coming from the matrix influence all aspects of cell behavior 

Video from the lecture (on moodle) 

- Cells exert traction force on the ECM, which can be felt by other cells 

- G-actin polymerization 

- F-actin filament assembly 

- Arp 2/3 branching 

- Filament crosslinking 

- Cells protrudes forward along ECM fiber 

- Integrin binds to ECM 

- Clutch protein anchors integrin to actin filament 

- Integrin activates signaling protein 

- Signaling protein activates myosin 

- Myosin filament assemble 

- Myosin filaments, actin filaments, and alpha actinin proteins assemble into large stress fibers 

- Stress fibers contract 

- Soft ECM -> High ECM deformation results in low force exposure at focal adhesions 

- Stiff ECM -> Low ECM deformation causes high force exposure in focal adhesion 

- In response to force, focal adhesion protein unfold and expose hidden binding 

- bound proteins activate signaling proteins 

- Stretch activated channels allow ion flow in response to force through auxiliary proteins (tether model) 

- Stretch activated channels allow ion flow via membrane pull (membrane tension model) 

- Ion influx aids cascade of signaling proteins 

- This signaling cascade terminates at the nucleus 

- Actomyosin contraction pulls directly on the nucleus via nuclear membrane protein 

- Laminin A aids in force propagation an interacts with chromatin 

- Transcription factors associated with nuclear membrane complex bind to chromatin 

- Transcription begins on the exposed gene 

- mRNA is transcribed from DNA 

- mRNA is exported from the nucleus and translated into new proteins at ribosomes 

- Newly expressed proteins result in new signaling cascades 

- Cell behavior changes as a direct result of mechanotransduction 

Exercise Sheet 7 

• Talin can link integrins to cytoskeleton 

• Stretching:  

 Opening of biding sites for vinculin (connecting to cytoskeleton) or signaling molecules like kinases 

• Kon/Koff: probability of integrin-fibronectin binding 

 • Relative integrin density  

 • Relative matrix ligand density 

• Kfold/Kunfold: probability of having a folded/unfolded talin 

 • Relative talin density 
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14. Viscoelasticity & the extracellular matrix (J. Snedeker) 
 Very important for the exam!!! Especially the 2nd part of the lecture. 

14.1 Extracellular Matrix: important biochemical and biomechanical cues 
• Cells are connected to an outside protein network known as the extracellular matrix (ECM). 

• Many cellular processes involve interactions between the ECM and the cell:  

• Cell Migration  

• Cell proliferation  

• Cell Differentiation  

• The ECM not only connects cells together in tissues, but also guides wound healing and embryonic development. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two large classes of proteins: 

1. Fibrillar matrix or fibrils  

-> collagen fibers: big backbone fibers, really large assembly of extracellular proteins, provide 

mechanical stiffness, are extremely strong protein assemblies, mechanically robust 

-> fibronectin: sticky 

2. Proteoglycan: have a core protein and sugar chains, polysaccharide molecules 

 

14.2 Physiological and Medical Context: wound healing 
(Phase 1): Blood cell products (platelets), very temporary matrix scaffold (fibrin), stimulatory proteins (these recruit: 

vascular and other tissue related stem cells; immune cells (neutrophils, macrophages, T-Cells, B-Cells); and 

fibroblasts) -> cells are sensitive to fibrin 

(Phase 1-2): Granulation tissue forms (mixture of all required “players”: stem cells, immune cells, other cells, 

fibronectin, smaller collagens & proteoglycans)  

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

(Phase 3): “Scar” tissue remodeling (toward “normal tissue”): optimal cell types; optimal matrix (usually less or no 

fibronectin; 

fewer smaller 

collagens and 

proteoglycans; 

toward larger 

collagens and 

elastin) 
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14.3 Extracellular Matrix: important chemical and mechanical cues 

14.3.1 Mechanically/Biologically important Extracellular Matrix Proteins 
Fibrillar “elastic” proteins (collagen, elastin)  

Collagen  

Collagens are the most abundant protein in the ECM. In fact, collagen is 

the most abundant protein in the human body, and accounts for 90% of 

bone matrix protein content.  

Collagens are present in the ECM as fibrillar proteins and give structural 

support to resident cells. The collagen family can be divided into several 

sub-families according to the types of structure they form.  

The most common load bearing collagens in connective tissues are 

collagens type-I, type-II, and type-III. 

- Support mechanical load 

- backbone of many of our tissues 

- Type-1, type-2 & type-3 have slightly different structure and mechanical properties 

Cell adhesion proteins. (Fibronectin, Lamin)  

Fibronectin  

Fibronectins are glycoproteins that connect cells with collagen fibers in the ECM, allowing cells to move through the 

ECM. Fibronectins bind collagen and cell-surface integrins, causing a reorganization of the cell's cytoskeleton to 

facilitate cell movement.  

Fibronectin is secreted by cells in an unfolded, inactive form. Binding to integrins unfolds fibronectin molecules, 

allowing them to form dimers so that they can function properly.  

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. 

- smaller sticky proteins that fill the gaps in the matrix 

- more flexible (to easily move around) 

- one of the first proteins that the cell will secrete, when it comes into a new territory 

- important for spacial guidance, so not the mechanical properties of the fibronectin, but the orientation and the 

way the fibers lay 

- has many biological properties, but also has mechanical sensitive properties 

Filler substance 

Proteoglycans are a major component of the animal extracellular matrix, the "filler" substance existing between cells 

in an organism. Here they form large complexes, both to other proteoglycans, to hyaluronan, and to fibrous matrix 

proteins, such as collagen.  

Due to the negatively charged sulfates in the glycosaminoglycan chains of the proteoglycans, they bind cations (such 

as sodium, potassium and calcium) and thus attract water.  

They also regulating the movement of molecules through the matrix. 

Individual functions of proteoglycans can be attributed to either the protein core or the attached GAG chain. They 

can also serve as lubricants.  

- distribution of electrical charges -> molecules tend to be ionically balanced -> negative charges outside of the 

assembly (start to bind positive charged ions) 

- attract large proteins and hold them in place 

- water gets attracted into the proteoglycans -> lubricans 

- one example: aggrecan (a famous proteoglycan) -> cartilage specific proteoglycan 
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• Core protein binds to fibrillar matrix proteins (usually collagen)  

• Carbohydrate (glycosaminoglycan or GAG) side chains branch out form the core 

protein  

• GAG side chains are highly negatively charged  

• These charges attract ions such as Na+ or K+ (sodium and potassium) 

• Water follows these ion gradients (osmotic pressure)  

• The side chains repel each other (both are negatively charged), preserving 

spacing in the ECM  

• The side chains also bind other proteins, such as growth factors – that ”store” 

them for cellular access 

- collagen fibers are the load bearing tensile structures 

- proteoglycans are those who attract water 

 

Different ECM compositions in 

healthy skin and during wound 

healing.  

Top: Locations of the different ECM 

present in the skin tissue.  

Bottom: Schematic representations 

of the main ECM molecules 

composing the interstitial matrix (A) 

and the basal lamina (B) of healthy 

skin, and the fibrin clot (C) and the 

granulation tissue (D) during skin 

wound healing. Stars indicate ECM 

molecules that have been shown to 

have a strong affinity for several 

growth factors. 

 

14.4 The phases of wound healing 

14.4.1 Phase 1-2 
 Granulation tissue forms (mixture of all required “players”: stem cells, immune cells, other cells, fibronectin, 

smaller collagens & proteoglycans). 

Endothelial cells and wound (re)vascularization  

• New blood vessels are required to deliver oxygen, nutrients, cells, and essential growth factors to injured tissues. 

• Insufficient angiogenesis is a hallmark feature of chronic wounds.  

• Angiogenesis is often impaired in the elderly, in people with high cholesterol, diabetes, and in heavy drinkers and 

smokers. 

Angiogenesis—new blood vessel growth—is a critical part of the normal healing process. 
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Key cellular players: Stem cells; fibroblasts (and myofibroblasts)  

• Cells that form the components of the extracellular matrix (usually fibronectin then later collagens) that give a 

tissue strength and structure. “Activated fibroblasts” or myofibroblasts, generate much matrix and highly contractile 

forces (to align and reposition the matrix). 

• Can migrate inward as mature cells from surrounding tissues, or differentiate from a progenitor cell. 

- Local matrix is really really important for the biology of the tissue and stirs the biology of the tissue 

- Have a well formed matrix, that has the right composition of  mechanical and biochemical properties you can have 

a normal, healthy cell. Whereas you start to accumulate Tenascin C, SPARC, EDA,… the matrix starts to look like a 

wound healing matrix, but the matrix has to turn healthy. If the matrix never gets over the messy composition, the 

cells will become activated (e.g. activated fibroblasts) and then you end up with a chronic inflammation, chronic 

wound healing. This is a major complication in a wide range of diseases and also in poor wound healing after surgery. 

Can give you problems with the way the tissue responses to an implant. 

- Connection between healing outcome and what the cells are embedded in, in terms of the ECM. Usually good 

connection of how good the healing outcome is and how comfortable the cells are and how successful they’ve been 

in remodeling the matrix into something that allows them to stay quiet. 

 

Progenitor cells (or stem cells) are recruited to injury sites, making copies of themselves 

(“proliferation”) and providing cells that differentiate into the cell types required to regenerate the 

tissues. 

 

 

 

14.4.2 Phase 2-3 
 Vascular and tissue remodeling (optimal cells, optimal matrix) 

Tissue “modeling” is the 

formation of initial matrix, 

usually for emergency 

restoration of basic function.  

-> initial laying down of the 

matrix 

-> early phases of wound 

healing 

Tissue “remodeling” is the 

process by which cells fine tune 

the tissue, ideally until it is 

restored it to its preinjury state. 

-> late stage optimization of the 

matrix 
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14.4.3 Summary: Overview of the timeline and phases of wound healing 
Phase I: Haemostasis and Inflammation: Stop the bleeding, lay ground work for repair  

Phase II: Cell proliferation / Tissue modeling: recruit or create necessary cell populations; create template for 

regenerated tissue; return organism to function ASAP!  

Phase III: Tissue remodeling: Optimize tissue toward pre-injury status 

14.5 How the ECM of cartilage balances mechanical forces 
The highly charged (negative) sugar side chains of 
aggrecan attract many positively charged ions (such as 
sodium). 

Water is strongly attracted along this ion gradient – 
generating a so called “osmotic pressure”.  

The cartilage volume is limited by surface collagens that 
act like the “skin” of a very inflated balloon.  

Mechanical forces compress the cartilage, forcing water 
out, and increasing the osmotic pressure gradient.  

The cartilage will deform until the osmotic and 
mechanical pressures are in balance. 

14.6 Mechanical Properties – “Viscoelasticity” 

This mechanical test is called a “creep test”:  

1) a constant stress “σ0“ is applied  

2) The deformation is measured. Deformation increases over time (increased “strain”) 

until external forces are in equilibrium with osmotic pressure 

 in cartilage (viscoelastic) this would be when Posmotic = Pexternal 

- applied a constant stress and looked at the deformation 

 

Picture (left):  

- applied a step stress, hit it suddenly with a load, then hold the load constant over time 

Picture (middle): 

• A-B1: Rapid efflux of fluid (from surface or sideways)  

• A-B2: redistribution of collagen, proteoglycans, molecules and water  
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• B2-B3: slower efflux of water  

• B3-C: Equilibrium: matrix stress = external load (no further fluid flow) 

- Displacement normalized to thickness 

- Point A: no stress, no displacement 

- Point C: displacement normalized to the thickness of the tissue, which will cause strain 

- ε: Strain has infinite sign beside it -> means that is the long term strain of the thing 

- Tissue doesn’t deform right away, needs time -> then starts to deform faster -> in the end slows down again and 

stops 

-> In the beginning has a step load and the water doesn’t want to move out right away. Once the water starts to 

move. Then slowly the charges start to aggregate and the water wants to be drawn back in. Force from the top and 

the osmotic pressure from the other side balance each other out and then stabilizes. 

- Deformation over time is the creep deformation 

 Concept question: consider and describe the strain vs. time response. What is going on here? 

Tissue picture (right): 

- applying mechanical pressure and water is going out of the tissue 

- depending on how dense the tissue is or how many wet proteins are in there, how the proteins are arranged, how 

densely the proteins are arranged -> lots of biological things that will effect on how the water will squeeze out, when 

its compressed 

- cells can feel what’s going on mechanically and adjust ECM  

-> cells get compressed a little bit, but not too much, but if it’s too much they start to secrete proteoglycans to 

attract more water  

-> can accept a little side to side motion, if there is too much motion they secrete type-2 collagen 

- Can look at the quality of the ECM and say a lot about how the mechanical function of the tissue is -> & vice versa 

- Biology and mechanics are always coupled (so if biology is wrong, so are the mechanics)! 

Nonlinear fluid outflow rate  

 

 

 

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

 

viscosity μ: 

- the more viscous the fluid is, the less easy the fluid 

comes out 

- increase the viscosity, the pressure gradient (∆P) is 

going to be higher across the tissue 

permeability k: 

- related to how dense the collagen network is -> if the 

collagen network is really wide, it’s easy for the fluid to 

move through -> high permeability means less dense 

 

Van 't Hoff quantitative relationship between osmotic pressure and solute concentration, expressed in the following 

equation:  Π = i C RT  

Where Π is osmotic pressure, i is the dimensionless van 't Hoff index, C is the molar concentration of solute, R is the 

ideal gas constant, and T is the temperature in kelvins. This formula applies when the solute concentration is 

sufficiently low that the solution can be treated as an ideal solution. 

-> the higher the ion charge you have, the density of the charge density is going to increase the osmotic pressure 
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-> take a step, pressure comes on, pressure goes out, the tissue 

stabilizes, unload the joint, water comes in -> and then start over 

again…. 

 

 

14.7 Mechanical Properties – Stress Relaxation 
 

 

 

 

 

This mechanical test is called a “stress relaxation test”:  

1. a constant stress “σ0“ is applied (here after ramping stress to point “B”) 

2. the application of additional deformation is then stopped, and force (stress) from the sample is measured.  

3. stress decreases over time as fluids continue to exude through pores, and until external forces are in equilibrium 

with osmotic pressure (here this happens at approximately point “E”).  Posmotic = Pextern 

- load something up and then hold the displacement -> first has a linear application of displacement (A) and then 

hold it (B) 

- applied the displacement and built up stress -> the more the displacement, the bigger the stress 

- once we hold the displacement, the stress starts to go down -> would not happen in a spring 

-> called: stress-relaxation 

- go from displacement and measure the stress -> other way around in creep test 

Describe this behavior is quantitative terms:  

• Why? To allow us to compare materials.  

• “stiff” vs. “soft”; “stiff then softer”; “creeps a lot” vs “behaves elastically” 

-> e.g. on picture in the middle: curve is in the beginning stiff (stress is built fast) and then less stiff (stress is 

built slower) 

• How? Mechanical models of material behavior. (relating mechanical stress state to mechanical strain state, often 

as a function of time*).  

* if a material has creep or stress relaxation characteristics. 

 

Middle picture: 

- equilibrium stress (σ∞): tells us something about the elastic response of the tissue 

- difference between stress applied (σ0) and stress at equilibrium (σ∞) tells us something about the relative stiffness 

or viscosity of the tissue 

 

 + see exercise 8, question 3!! 
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14.8 Dynamic (cyclical) mechanical testing reveals elastic and viscous behavior 
• “slope” of the stress-strain curve (tangent modulus): Increases with 

deformation speed  

• water has less time to escape the matrix, less stress relaxation behavior 

- x-axis: strain & y-axis: stress 

- frequency of which a cartilage is being compressed (e.g. 40 Hz, 10 Hz,..) 

- With high frequency (load it fast), the water doesn’t have time to move 

out of the way, so it behaves really elastically -> only the elastic structure 

get deformed and un-deformed -> work you put in immediately comes 

back when you unload it  

- With low frequency the water moves out and in (see picture below) 

- Stiffness of the structure depends on how much the structure has been 

compressed 

 

- red lines: elastic energy/work you put in, but not all of the work ends up 

into the elastic structure -> some of the work goes into pushing the water 

out -> converting the work into heat (energy loss) 

- every time the water goes out and then comes in again, then you have 

friction, energy losses 

- energy loss called hysteresis 

 

 

 

 Elastic response at high frequencies & viscoelastic response at low frequencies! 

Tangent modulus, creep, and hysteresis are all heavily 

dependent on tissue porosity state.  

Here, higher tissue loads (e.g. 4MPa) have compressed the 

pores of the matrix, resulting in a stiffer tissue response. 

- tangent modulus tends to go up as a function of the frequency 

- depends on where we start the test -> stiffness goes up as a 

function of the amount of pre-stresses that we have 

- the mechanical responses of function not only of the speed 

with which you perform the deformations, but also which part 

of the curve you’re on 

 Those 3 pictures are really important to understand for the exam! 
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The Weissenberg number (Wi) is a dimensionless number used in the study of viscoelastic flows. The dimensionless 

number compares the elastic forces to the viscous forces.      𝑊𝑖
𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑓𝑜𝑟𝑐𝑒𝑠

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-> drop a ball 

- at the moment of impact: the kinetic energy starts to get converted to an elastic energy 

- kinetic energy gets converted into stored energy in the compression of the ball 

- right when it leaves the ground: the elastic stored energy is converted into kinetic energy -> ball kicks off the 

ground with a velocity 

14.9 Elastic Materials (solids): deformation is a non-time dependent function of force 
Elastic response 

 εelastic ≠ ε(t) -> time-independent function of force 

An elastic material immediately and proportionally translates a 

force to a displacement. The proportionality can be a linear 

function (i.e. a “linear elastic material”) or not. 

Elastic materials can be shaped to provide a nonlinear force-

deformation response 

- stress (σ) vs time & strain (ε) vs time  σ = 
𝐹

𝐴
 & ε = 

∆𝐿

𝐿
 

- if you have a step load, you get a step displacement  

- e.g. steel 

• Elastic materials translate forces to displacements  

• Immediately and proportionally (linear & non-linear)  

• Remember: σ ∝ ε  or the equality σ = E ⋅ ε (Hooke’s law) 
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Linear and non-linear springs (F is applied force; δ is deflection):  

 

(1) progressive 

(2) linear 

(3) degressive 

(4) almost constant  

(5) progressive with knee 

-> low stiffness structure is flat 

 

 

Similar to Hooke’s Law: σ = Eε 

where σ is the stress, E is the elastic modulus of the material, and ε is the strain that occurs under the given stress. 

14.10 Viscous Materials (fluids): deformation is a time dependent function of force and viscosity 
Viscous Response  

 εviscous  = ε(F,t)  -> deformation is time-dependent function of force 

• Typical in classical fluids  

• stress converts to strain with a time lag  

• at a constant stress, strain continues to increase (creep)  

• creep strain is not recoverable after removal of stress (after unloading) (in many materials) 

- step load and starts to deform in a linear way 

- e.g. with damper  

 

 

- strain rate: is a function of how much force that are given  

-> relationship between how much force you apply and the speed it will move 

- depends also on how thick the fluid is inside the damper 

 strain rate depends upon how much stress one gives and also how viscous 

the fluid is inside the damper 

 

 

 

 

“dashpot” or “viscous damper”: 

-> shock absorber: get energy out of the system 

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) 

 

 Concept question: What happens to the displacement vs. time curves if the piston (part 4) has holes in it? 
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What is the stress response if the element is displaced very fast? Very slow? 

 

where σ is the stress, η is the viscosity of the material, and dε/dt is 

the time derivative of strain 

 

-> strain rate (rate of deformation) depends upon how much stress you apply and the viscosity of the fluid that is in 

there 

 

- the less viscous it is, the 

more strain you get over time 

- the more viscous it is, the 

less strain you get over time 

 

 

 

 

- strain rate depends on viscosity and vice versa 

- Newtonian fluid (e.g. water): doesn’t depend on how fast you 

deform it, because it’s always linear between shear stress and 

shear rate 

- Pseudoplastic: Has shear thinning, where the slope goes 

down as a function of the shear rate -> the faster you deform 

it, the more thin it gets (e.g. tooth paste, ketchup,…) 

- Dilatant: The faster you deform it, the thicker it gets 

- Bingham: Won’t deform until a certain shear stress 

 

 

SI unit of viscosity (η) is the pascal second [Pa s] 

 Stress: Pa/m2, Strain: dimensionless, Viscosity: mPa*s -> units are important to see how they relate to each other 
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- Air is two magnitude lower than alcohol 

- Air isn’t always neglectable 

 

- 100-degree water is quite thin, not so 

viscous 

- blood is more viscous than water 

- blood is pseudoplastic 

14.11 The Maxwell Model of Viscoelastic Behavior 
The Maxwell model can be represented by a purely viscous damper and a purely 
elastic spring connected in series, as shown in the diagram.  

Under this model, if the material is put under a constant strain, the stresses gradually 
relax.  

When a material is put under a constant stress, the strain has two components. First, 
an elastic component occurs instantaneously, corresponding to the spring, and 
relaxes immediately upon release of the stress. The second is a viscous component 
that grows with time as long as the stress is applied.  

The Maxwell model predicts that stress decays exponentially with time, which is 
accurate for most polymers. One limitation of this model is that it does not predict 
creep accurately. The Maxwell model for creep or constant-stress conditions 
postulates that strain will increase linearly with time. However, polymers for the most 
part show the strain rate to be decreasing with time. 

 

 

-> elastic: instantaneously deformation, speed doesn’t matter 
- e.g. couldn’t describe cartilage with the Maxwell model 
- spring deforms and then slowly the spring starts to drag the dashpot through the viscous medium and the stored 
energy (in the spring) gets lost 
- For a spring it doesn’t matter if you give the force, you get a deformation or if you give a step deformation you get 
a step force -> force is a function of the deformation and vice versa 
- For a dashpot: doesn’t work like spring -> permanent creep/plastic deformation 

• Combination of an elastic and a viscous element  
• Arrangement of a spring and a dashpot in series!  
• Fist order, linear differential equation:  

 (don’t have to know this) 
  
• Both elements are subjected to the same stress (because they are in line) 

  

• The total strain is the sum of both elemental strains 
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14.12 The Standardized Model of Viscoelastic Behavior 
The standard linear solid model, also known as the Zener model, consists of two 
springs and a dashpot. It is the simplest model that describes both the creep and stress 
relaxation behaviors of a viscoelastic material properly. 

Under a constant stress, the modeled material will instantaneously deform to some 
strain, which is the instantaneous elastic portion of the strain. After that it will 
continue to deform and asymptotically approach a steady-state strain, which is the 
retarded elastic portion of the strain.  

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. 

- apply the step deformation, then both the springs deform and then the spring E2 
slowly unloads, whereas only the spring E1 is holding any forces => long term elastic 
response of stress-relaxation curve 
- Creep: Step load force leads to immediate deformation due to both of the springs are 
deforming and then it continues to deform -> spring will reach an equilibrium, where 
they are fully extended  

• Zener Model is a standard linear solid model 
• Maxwell Model combined with a second spring in parallel (Maxwell representation) 

(don’ have to know this for exam)  
  

• Simplest Model which describes both creep and stress relaxation behavior of a viscoelastic material properly 

14.13 The Generalized Maxwell Model of Viscoelastic Behavior 
-> not so important for exam… 

The Generalized Maxwell model, also known as the Wiechert model, is the most general form of the linear model for 
viscoelasticity. 
The Wiechert model shows this by having as many spring–dashpot Maxwell elements as are necessary to accurately 
represent the distribution. The figure on the right shows the generalised Wiechert model. 
It takes into account that the relaxation does not occur at a single time, but at a distribution of times. Due to molecular 
segments of different lengths with shorter ones contributing less than longer ones, there is a varying time distribution. 
Applications: metals and alloys at temperatures lower than one quarter of their absolute melting temperature 
(expressed in K).  

 

 

 

 

 

• Most general form of a linear model for viscoelasticity  

• Many spring-dashpot elements in parallel  

• Relaxation does not occur at a single time, but at distribution of times! 
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14.14 Parameterizing material behavior using spring - damper models 
Using spring-dashpot models, a material behavior can be described. Parameters (e.g. E1, E2, η) are adjusted until the 
model response fits the experimental data at hand.  

There are many other ways to mathematically describe material deformation behavior (deformation energy storage 
and/or loss) under mechanical loads. This field of applied mathematics is called “solid mechanics” or “constitutive 
mechanics”. 

 

 

 

 

 
 

 

14.15 Take home messages 
• The extracellular matrix 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.  
• 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 
 If you have a viscoelastic behavior, you can describe the material with tree parameters. 
If you have a bilinear spring, you can describe the material with tree parameters. 
If you have a material which acts like a Maxwell model, then you can describe the material with two parameters. 
If you have a purely elastic material, then you can describe the material with one parameter. 
 

14.16 Exercise 8 (Additional Info) 
Function of the ECM 

• Cues provided by the ECM help drive cell… 

…migration 

…proliferation 

 …differentiation  

• And guides wound healing and embryonic development! 

• Provide structural support 

• Provide biochemical support 

• Segregate tissue from each other 

• Regulate intercellular communication 
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Function as 
adhesive substrate 

• tracks to direct migratory cells 
• concentration gradients for haptotactic migration 

Provide structure • define tissue boundaries 
• provides integrity and elasticity to developing organs 
• degraded by invasive cells during development and disease 

Presents growth 
factors and their 
receptors 

• controls spatial distribution of ECM-bound surface molecules 
• facilitates crosstalk between growth factor receptors and ECM receptors  

Sequesters and 
stores growth 
factors 

• allows for spatio-temporal regulation of factor release 
• organizes morphogen gradients 
• mediates release of factors in the presence of appropriate cell-mediated forces or 
proteolytic degradation 

Senses and 
transduces 
mechanical signals 

• defines mechanical properties permissive/instructive to cells differentiation 
• activates intercellular signaling through interaction with cell-surface receptors 
• engages cytoskeletal machinery and synergizes with growth factor signaling 

 

Main components of the ECM 

• Fibrillar “elastic ” proteins  Collagen, Elastin 

• Cell adhesion proteins  Fibronectin, Laminin  

• Filler substance  Proteoglycans 

 

Collagen 

• Most abundant protein in the body (~30% of total protein mass)  

• Main structural protein in connective tissue  

• Present in ECM as fibrillar proteins  

• Provides strength, support, flexibility and shape to tissues  

• Many different subtypes (Type-1,-2 ,-3 are most common for load bearing in connective tissue) 

 

 

Fibronectin (and Laminin)  

• Cell adhesion proteins  (Glycoprotein to connect cells with collagen fibers in ECM)  

• Secreted by cells in an unfolded, inactive form  

• Fibronectins bind platelets during blood clotting  

  facilitate cell movement in the injured area during wound healing 

 

 

Proteoglycans 

• Proteins covalently linked to glycosaminoglycans (GAGs) of variable length 

(carbohydrates ~95% of its weight)  

• Occupy space between cells and collagens (“filler” substance)  

• Function as a sponge/shock absorber  

• Influence cell migration and ECM deposition  

• Facilitate water retention  form hydrated matrices  

• Regulate movement of molecules through ECM (e.g. cytokines and chemokines)  

• Can serve as lubricants 

-> helps to regulate the movement through the matrix 

-> can form really large complexes with other proteoglycans, like collagen -> combination of proteoglycans and 

collagens can form cartilage, where the negative charges can help retain water 
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Force Balance in Cartilage ECM  

• Collagens: restricts cartilage volume by stretching  Collagen restraint  

• Aggrecans (proteoglycans): attract water due to negative charge, which attracts positively charged ions (e.g. Na+) 

 Osmotic pressure  

• Mechanical Forces: compression of cartilage  water is forced out of cartilage which increases the osmotic 

pressure  

• Flow resistance: how good can water flow out of cartilage? (depends on permeability, porosity...) 

 Cartilage will deform until the forces are in balance! 

 

Creep questions 

 

 

-> It’s a vertical line upwards -> get a spring like behavior, so the displacement 

would be instantaneous 

 

 

 

 

 

 

 

 

 

-> Due to the increase in fluid displacement -> as more fluid is exuded, one can 

reach the equilibrium much faster 

=> Posmotic = Pexternal 

 

 

 

Stress Relaxation 

- Short term stress: up until the loading 

- Long term stress is much less than the short term stress 

 

 

 

Maxwell Model: Question  

1. Which one (A or B) is the Creep test and which one 

is the Stress relaxation test?  

 A: stress relaxation & B: creep test 

 

2. In which scenario (for test A) could it be that the 

force does not go back to zero? 

 If the dashpot reaches its maximum displacement. 

Because the spring always retracts.  
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Maxwell Model: Limitations 

• Pretty accurate to model stress relaxation of cartilage  

• But, does not predict creep accurately!  

• Predicts linearly increasing strain with constant stress application…  

• …. most polymers show a decreasing strain rate over time though! 

 

Kelvin-Voigt Model  

• Same elements: spring and dashpot  

• Arranged in parallel this time! (not like in Maxwell, where it’s in series) 

• First order differential equation: 

  

  

• Both elements are subjected to the same strain (no bending!), s.t. 

 εspring = εdashpot 
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15. Bone (J. Snedeker) 
Outline  

• Bone ECM  

• Bone Cells  

• Bone Structure  

• Bone Remodeling  

• Mechanical properties 

15.1 Bone ECM 
• Where is bone composed of?  

• How do ECM components contribute to bone mechanical properties?  

• Why does bone contain glycosaminoglycans (GAGs)? 

15.1.1 The Skeleton 
• protects internal organs -> e.g. ribcage, skull 

• provides attachment sites  

• facilitates muscle action and body movement 

15.1.2 Mineral & Collagen 
Bone tissue 

• tough -> hard connective tissue 

Mineral (hydroxyapatite)  

• hard and rigid  

• inorganic -> made out of calcium and phosphate 

Collagen type I  

• flexible and resilient  

• organic 

-> Demineralized bone 

Collagen 

- triple helix one of the classic features 
of collagen 
- triple helix: very robust, really 
reproducible, extremely tough 
-> have a high binding affinity to other 
triple helixes, have a really long aspect-
ratio (are long and thin), have a binding 
affinity for self-assembly into a 
collagen fibril 
- collagen fibrils: have gaps & dense 
regions 
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Mineralized Collagen 

Collagen assembly 

1. Transcription of DNA-segment to mRNA 

2. Translation of mRNA- to pre-pro-collagen 

3. Hydroxylation and Glycosylation 

4. Assembly of three modified chains 

5. Procollagen triple-helix formation 

6. Procollagen is packed into secretory vesicles 

7. Procollagen secretion 

8. Cleavage of propeptides 

9. Fibril formation 

10. Aggregation of collagen fibrils via crosslinks to form a collagen 

fiber 

Mineralization 

I. Accumulation of Ca2+ and PO4
3- 

II. Hydroxyapatite secretion 

III. Mineral deposition within collagen network 

 

 

 

15.1.3 Glycosaminoglycans (GAGs) 
• GAGs bind water (ions)  

• Main component of ‘cement lines’?  

• Mechanically weak (crack propagation)  

• Improves fatigue properties 

 GAGs are inside the collagen matrix 

 

- inside between the mineralized collagens, there are a lot of 

proteoglycans and water -> makes the structure bendable  

- have a crack forming in the bone and the crack will hit one of the 

cement lines and stop -> if you had one continuous crystal structure, the 

crack would keep moving until it tears 

- bone makes itself resistance against failure 

 

 

15.1.4 Summary 
• Hydroxyapatite (hard, rigid, inorganic), 60% of total weight  

• Collagen type I (flexible, resilient, organic), 27% of total weight  

• GAGs (shock absorption & nutrient transport), 1.5% of total 

weight  

• Water 10% of total weight 

• Cells 1% 

-> Inorganic minerals (Hydroxyapatite + others) account for 

~70% of bone tissue  
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15.2 Bone Cells  
• How many cells types regulate bone turnover?  

• What is the function of each cell type?  

• How are cells triggered to perform their function? 

Their roles: 

• Osteocyte (“sensing”) 

• Osteoblast (“building”, formation) 

• Osteoclast (“resorbing”)  

 The bone multicellular unit (BMU) and remodeling 

-> Once osteocytes detect new forces, loads or a fracture (microcracks) they trigger the release of the osteoclasts. 

-> Whenever you have a crack through the network, it cuts the communication between those cells and the cells do 

apoptosis. Death of the cells turns on a specific signaling program and the osteoclast (come out of bone marrow) are 

attracted to dying osteocytes. Osteoclasts start to eat the bone. 

15.2.1 Osteoclast 
 

 

- multinucleated 

- low pH acids dissolve 

the bone, the mineral, 

the collagen,…  

 

 

 

 

15.2.2 Osteoblast 
 

 

 

- osteoblasts come in and 

start to secrete the 

collagen and the mineral 

and this makes a matrix, 

called osteoid 

 

 

1. Secretion of collagen  

2. Secretion of matrix vesicles (enzymes and hydroxyapatite)  

3. Collagen mineralization 

4. Matrix densification  

5. Osteoid formation (isotropic) -> matrix 

6. Transition into mineralized bone (anisotropic) 
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15.2.3 Osteocytes 
 The ‘bone sensor’ 

Osteocyte Mechanotransduction 

A) Fluid flow in bone can be generated through mechanical 

loading, muscle contraction, blood pressure, and lymphatic 

drainage  

 

 

 

 

B) Mechanical loading (e.g. bending) of bone initiates interstitial fluid flow 

 

 

 

 

 

 

 

15.2.4 General Mechanotransduction 
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15.3 Bone Structure 

15.3.1 Emergence of structure – bone development 
 

 

- 2 different ways of bone development 

 

 

 

 

Bone develops / forms differently in different regions:  

• “endochondral ossification” occurs at the end of long bones and beneath joint cartilage surfaces  

-> growth under and above the growth plate -> growth in length 

• sub-membrane ossification, ossification under membranes such as the “periosteum” 

-> grows into the broad 

 

15.3.2 Bone – Multiscale Hierarchy 
- shell of the bone in the outside 

- hallow cortex 

- inside the cortex is the bone marrow  

-> lot of progenitor cells, blood vessel 

cells 

- bone is metabolically active -> needs 

nutrients 

- Trabecula: usually there’s no blood 

vessel in the middle, mostly just layers 

of bone 

- Compact bone: blood vessel in the 

middle 

- e.g. have an injury in the finger: immune cells, progenitor cells are coming in to participate in the wound healing  

-> a lot of those cells come out of the bone 

15.3.3 Bone Types – Lamellar Bone 
 

- Outside -> thick, strong, dense 

- Inside -> spongy bone, very high surface area 

(high metabolic activity) 
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15.3.4 Bone Types - Summary  
• All bone has a similar composition, but can be differently structured  

• Woven bone: immature bone with randomly oriented fibrils -> is seen after an 

injury, in early wound healing -> has low mechanical stability (low mineral content) 

• Lamellar bone: mature bone with highly orientated fibers arranged -> mechanically 

stable (higher mineral content) 

• Cortical bone (compact bone), the dense cortex  

• Trabecular bone (cancellous bone, spongy bone), the inner porous structure 

 

15.4 Bone Remodeling 
• How is bone turnover achieved?  

• What drives bone remodeling? 

 

 

 

 

 

 

Bone remodeling cycle  

• Reduces collagen cross-linking, keeping our bones ‘young and tough’  

1. First, osteoclasts begin bone resorption, creating the pit. 

2. Then osteoblasts enter the pit and produce bone matrix, which then calcifies  

3. Osteoblasts become bone lining cells or osteocytes that reside in the ECM 

15.4.1 Cortical vs Trabecular 
 

 

 

 

 

 

 

 

• Living osteocytes inhibit bone resorption  

• Osteocytes apoptosis from microcrack formation or nutrient deprivation 
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15.4.2 Wolff’s Law 
 

 

 

 

 

- If loading on a particular bone increases, the bone will remodel itself 

over time to become stronger to resist that sort of loading 

- Osteoporosis (pathological bone loss): dysbalance between 

osteoclast activation and bone reformation -> homeostasis is lost 

 

Net anabolic/catabolic response = # loading cycles + applied strain 

- 10000 microstrain is 1% deformation 

- If you fail to load the bone at least 0.1% every day, the bone will start 

to resorb 

- If you load the bone 10 times a day the 0.1% is still in the resorption 

zone 

- If the bone is loaded either not at high enough amount or with 

enough frequency, the bone starts to resorb 

- In between the resorption and anabolic zone the bone doesn’t 

change (called the “cool zone”) 

- Anabolic zone: bone starts to grow (e.g. because it gets stretched too 

much) 

15.4.3 Summary  
• Osteocyte apoptosis (nutrient deprivation / µcracks) 

initiates bone remodeling  

• Osteoblasts lay down osteoid, which remodels into 

lamellar bone  

• Trabeculae are remodeled appositionally / Cortical bone 

via ‘cone digging’  

• Bone remodeling is load-driven (more load = more bone, 

no load = less bone) 

15.5 Mechanical Properties 
• How do components from the ECM contribute to bone mechanical properties?  

• Do cortical and trabecular bone have the same mechanical properties?  

• How is the load-bearing capacity of bones optimized? 
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15.5.1  1+1=3 
 

- tough: measurement of energy absorption 

 

 

 

 

 

 

 

 

15.5.2 Whole Bone  
• Elastic region: capacity to return to original shape  

• Yield point: until this point, deformation is reversible  

• Plastic region: residual deformation is permanent  

• Failure point: structure will fail, i.e. bone will fracture  

• Ultimate stress: failure stress  

• Ultimate strain: failure strain  

• Energy stored: toughness -> area under the curve 

 

 

15.5.3 – Cortical vs Trabecular 
• Collagen = Flexible and resilient  

• Hydroxyapatite = Strong, brittle and hard  

• Anisotropic tissue = bone behavior 

changes depending on direction of load  

• Strongest in compression and tension 

- Cortical bone: stiff, not tough 

- Trabecular bone: not very stiff, not very 

strong, but really tough 

- bone can adjust the mechanical properties 

with the amount of mineral inside the tissue 

-> can be done by CT 
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Cortical Anisotropy 

 

- collagen inside the layers alternate 

- GAGs and Proteoglycans between 

the layers, so the layers can slide a 

little bit (relative to each other) 

- Bone makes itself strong and though 

against different loading directions  

-> anisotropic structure 

 

- Test: Cut out little section of bone, e.g. osteon (“L”) has high strength and high ability to deform before it breaks. 

But if you cut out bone that is off this axis, then the mechanical properties start to diminish. If you cut travers to the 

loads (“T”) you end up with soft, not very flexible and not very tough bone.  

-> In general, bone is stronger if it’s loaded in the longitudinal direction (“L”) and is weaker if the forces are applied 

across the bone surface. 

Trabecular Anisotropy 

 Trabecular anisotropy is optimized to minimize strains 

 

 

 

 

 

 

15.5.4 – Fractures 
• Tensile fracture  • Torsional (spiral) fracture 

• Compressive fracture  • Shear fracture 

• Bending fracture 

Fatigue Fracture 

• Accumulation of microfractures  

• ‘Remodeling’ < ‘fatigue damage’ 
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15.5.5 Fracture Viscoelasticity 
• Fracture viscoelasticity ≈ energy release  

• higher strain rates equal complicated fractures and more tissue damage 

 

 

 

 

 

 

 

15.5.6 Summary  
• Mechanical properties of bone (tough) originate from the collagen ECM (flexible, resilient) and mineral (strong, 

brittle)  

• Because of differences in density, cortical bone is much stronger, whereas trabecular bone is more elastic with a 

large capacity for energy storage  

• Bone anisotropy is driven by the loading direction and thus has an optimized load-bearing capacity 

15.6 Exercise 10 (Additional Info) 
Bone Remodeling process 

1. Microfracture occurs  

2. Osteocytes sense fracture and send signals to surface cells  

3. Osteoclasts resorb bone  

4. Osteoblasts are recruited and make layers of osteoid  

5. Osteoblasts turn into lining cells or osteocytes  

6. Density of new bone increases over following months 

Which statement is incorrect?  

A) Woven bone has a low mineral content  

B) Cortical bone is stiffer and stronger than trabecular bone  

C) Osteoclasts sense mechanical forces through changes in an interstitial fluid pressure  

D) Inorganic minerals account for 70% of bone tissue 

 C (osteocytes would be true) 
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16. Cartilage (J. Snedeker) 
Outline  

• Composition  

• Structure (“zonal distribution)  

• Load-bearing capacity  

• Mechanical properties  

• Degeneration  

• Cartilage repair 

16.1 Cartilage Types  
Hyaline /articular Cartilage  

• Low cell density  

• Type II collagen fibers  

• Minimize friction  

• Shock absorbing  

• At bone-bone contacts  

Fibrocartilage  

• Strong  

• Collagen type I fibers  

• Oriented in direction of functional stresses  

• Deformable shock absorber  

 if you have a lot of tension and shear 

Elastic Cartilage  

• Flexible  

• Network of elastic fibers  

• Shape preserving 

 e.g. like nose, ear 

16.2 Composition 
• What are the 3 major components in articular cartilage and what are their roles? 

16.2.1 ECM 
Collagen  
• 15-22% vol/vol  
• Primarily type II  
• structural matrix 
component 
• strong in tension 

Proteoglycans  
• 4-7% vol/vol  
• Primarily aggrecan 
• absorb water for 
swelling 

Water  
• 60-85% vol/vol  
 

Chondrocytes  
• < 10% vol/vol  
• Low density 
• ECM maintenance 

 

 

 No blood vessels (and no nerves) 

 No innervation 
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Collagen type II 

 

 

 

 

 

 

 

 Type 2 collagen is specific for cartilage! 

 High tensile stiffness and strength, but little resistance to compression. 

16.2.2 GAGs / Proteoglycans 
 

- GAGs are attached to proteoglycans, which are bound to 

hyaluronic backbone 

-> whole protein called aggrecan 

-> attract water 

- Water accounts for 60-85% of articular cartilage tissue! 

 

 

 

 

16.2.4 Summary 
• Collagen – structural matrix component, strong in tension  

• Proteoglycans/GAGs – absorb water for swelling  

• Chondrocytes – ECM maintenance 

 

 

16.3 Structure (“zonal distribution”) 
• Why is articular cartilage divided into different zones?  

• How is articular cartilage anchored to the underlying bone? 
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16.3.1 Development 
 

 

 

 

 

 

  

b. Anlage with chondrocyte (c)  

c. Chondrocytes hypertrophy (h) and recruitment of blood vessels  

d. Bone collar (bc) is formed from periosteum, vascularization  

e. Primary ossification center (ps) is formed  

f. Chondrocytes proliferate and lengthen bone  

g. Secondary ossification center (soc) forms and growth plate forms with typical columns of proliferating 

chondrocytes (col), articular cartilage develops similar distribution 

16.3.2 Cartilage to Bone 
• Articular cartilage (unique gliding properties and shock 

absorption)  

• Calcified cartilage (transition from soft to harder 

material via tidemark)  

• Subchondral bone (even distribution of the load) 

- collagen fibers are anchored at the bottom and keep 

the swelling capacity of the cartilage confined 

 

16.3.3 Superficial to Deep 
 

 

 

 

 

 

 

 

• Type II collagen has arcade like configuration in articular cartilage  

• Orientation is optimized for load-bearing capacity  

-> mechanical load and shear are carried by type 2 collagen fibers  

-> compressive loads are carried by the water 
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16.3.5 Summary 
Type II collagen is arranged as ‘Benninghoff Arcades’  

• Enable swelling pressure  

• Resist superficial tension 

- Superficial layer:  

- Collagen fibers are parallel to the surface 

- most of the resistance to shear forces along 

the top 

- Middle layer: 

 - first layer of defense against compressive forces 

- Deep layer: 

 - most resistance against compressive forces 

- Tidemark: 

 - Distinguishing the deep zone from a layer of calcified cartilage, which helps to connect the cartilage to the 

bone  

 

Why are the chondrocytes in the superficial layer flat? 

-> Have in the top layer the shear forces. So if you have flat cells, they provide the best resistance to shear force. 

Also there is a lot of hydrostatic pressure and fluid flow through the top layers. 

 

16.4 Load-bearing capacity 
• How do matrix proteins contribute to the load-bearing capacity of articular cartilage?  

• Why is the interaction between these proteins essential for articular cartilage functioning? 

16.4.1 ECM Solid Phase 
Articular cartilage: a fluid-filled porous-membrane biphasic medium:  

• Interstitial fluid phase (incompressible water)  

• Porous membrane solid phase (ECM) 

16.4.2 Superficial Collagen Tension 
 

Unloaded: 

- tissue is swollen 

- water is being attracted to the ions that are attached to the proteoglycans 

 

Loaded: 

- Loading results in alignment of collagen fibrils along the  axis of 

tension, increasing directional stiffness 

- water gets squeezed out 

- repel from each other 

- relative concentration of ions increases, which makes the osmotic 

pressure go up 
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16.4.3 Swelling Pressure 
1. Proteoglycans have fixed negative charges  

2. Positive ions are attracted  

3. This increases osmotic pressure  

4. Is neutralized by absorbing water  

5. Creates swelling of the tissue  

6. Collagen resists swelling  

7. Results in swelling pressure 

- Balance between internal mechanical pressures and the osmotic pressure 

- The ability of the tissue to support compressive loads has to do with the swelling tendency of the tissue. As you 

load it, the water squeezes out and then can’t squeeze it further (the ion density is really high), because the water 

wants to come in again -> So not the whole water is squeezed out! 

16.4.4 Donnan Effect 
 

• Proteoglycans link to collagen  
• Swelling draws water into the tissue until equilibrium 
• Swelling is balanced by tensile forces in the collagen 
fibrils 

• Compression  water exudation  proteoglycans 
are closer  increased FCD & swelling potential  new 
equilibrium  
• Reversible: removal of load restores original 
equilibrium 

 

16.4.5 Fluid Phase 
-> at the start 
cartilage is 
quite porous, 
but when you 
increase the 
pressure the 
pores close 
(becomes 
solid) 

 Healthy Cartilage: high porosity and low permeability 

Biphasic Medium:  

1. Interstitial Fluid phase  

2. Porous Membrane solid phase (ECM) 
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- non-linear 

permeability of the 

tissue (like if you 

squeeze the sponge 

together) 

 

 

 

• Permeability = resistance to flow = 
𝑓𝑙𝑢𝑖𝑑 𝑠𝑝𝑒𝑒𝑑

𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 
 (m4/N*s) 

• With pressure gradient ≈
𝑃1−𝑃2

ℎ
 

• Permeability decrease with increasing strain 

• Permeability decrease with increasing ∆P (frictional drag) 

 

16.4.6 Swelling Pressure 
 

 

 

 

 

 

 

 

 

 

16.5 Mechanical properties 
• How do mechanical (viscoelastic) properties contribute to cartilage homeostasis?  

• Which force (tension/compression/shear) is surprisingly high in articular cartilage? 

16.5.1 Viscoelasticity 
 

Creep: a constant applied stress σ0 results in increased 

strain until new equilibrium is achieved 
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Stress relaxation  

• A: Efflux of fluid (from surface or sideways)  

• A-E: redistribution of collagen, proteoglycans, molecules 

and water  

• E: Equilibrium: matrix stress = external load (no further 

fluid flow) 

 

 

Reaching equilibrium in cartilage compression:  

• increased fixed charge density  

• decreased permeability  

• direct ECM compression results in increased bulk 

stiffness 

 

 

 

 

Viscoelastic response is required for nutrition and mechanosensing in this 

avascular tissue:  

• Direct nuclear deformation  

• Cilia bending  

• Integrin activation and cytoskeletal deformation  

• Stretch activated Calcium channels 

 

 

 

 

 

 

 

16.5.2 Shear 
 

• Proteoglycan’s do not provide shear stiffness for 

articular cartilage  

• Shear stiffness originates from collagen & 

collagen-proteoglycan interaction 
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16.5.3 Summary 
With cartilage compression  

1. Efflux of interstitial fluid  

2. Redistribution of fluid, free molecules and ECM  

3. New equilibrium  

4. Increased Fixed Charge Density, stiffness ↗  

Shear forces  

• Surprisingly high in articular cartilage  

• Shear stiffness originates from collagen & collagen-proteoglycan interaction 

 Compressive resistance comes from the ions, that are tied to the proteoglycans. The mechanical resistance to 

shear, tension and swelling limits comes from the type 2 collagens in cartilage. 

16.6 Degeneration  
• How is cartilage damage initiated?  

• Which sequence of events characterizes cartilage degeneration? 

16.6.1 Overview 
1. Disruption of collagen – GAG ECM  

2. Tissue swelling  

3. Proteoglycan washout  

4. Increased permeability  

5. Decreased cartilage stiffness  

6. Tissue fibrillation  

7. Increased shear stress & wear  

8. Subchondral bone thickening 

-> Once the collagen network starts to break down, the cells can’t keep up with the collagens, the tissue can swell 

too much. Once the collagen starts to disconnect, the tissue can start to swell, the limits of the tissue swelling are 

interrupted and also the resistance to tension and shear. Get a vicious cycle, where the collagens aren’t great, the 

cells aren’t able to keep up, the more its loaded the more the collagen starts to wear out and then the collagen 

network get worse and worse. Tissue then starts to swell. Of course the density of the collagen network is important 

for the physical architecture, where the porosity is regulated, it’s also the binding point for proteoglycans. When 

there aren’t enough of collagen to anchor the proteoglycans, they start to wash out. The permeability of the tissue 

starts to increase. The stiffness of the cartilage decreases. Then the tissue starts to fall apart, called fibrillation. Onset 

of early cartilage degeneration. Then because the load is coming from the opposite bone quite directly to the bone 

beneath, the patting on the bone is gone. Then the bone starts to feel mechanical forces, becomes mechanically 

activated and starts to remodel. Blood vessels might start to grow in, cells start to get active and maybe start to 

crawl up into the cartilage. Then it’s not clear to the biology if it’s bone or cartilage (per definition it’s osteoarthritis 

and that is advanced stage articular cartilage degeneration) 

16.6.2 Loss of Swelling Pressure 
 

• Inhomogeneous distribution of PGs and collagen  

• PGs and collagen generally increase with tissue depth (can vary between 

subjects) 

- In Advanced OA (Osteoarthritis) the collagen content starts to go down and 

get a proteoglycan washout.  
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16.7 Repair  
• What solution strategies do surgeons deploy? 

• Cartilage has limited repair capacity -> can only make small repairs 

• Low cell number  

• Low metabolism  

• Avascular nature 

-> No blood vessels and poor nutrient supply! 

 

 

- after accident: if you’re lucky 

the bone will blead and lead to a 

scar, which will stabilize the 

cartilage 

 

 

 

 

 

 

 

 

 

16.7.1 Microfractures 
• Cartilage defect is debrided  

• Microfractures are applied  

• “Superclot” is created  

 

• At 4 to 6 months, fibrocartilage repair tissue fills the defect  

• Hypercellular with proteoglycans and type II collagen content  

 

 

• At 12 months, cellular organization and proteoglycan content improved  

• Downside: contains type I, not type II collagen 

-> doesn’t end up with cartilage, starts to look like fibro-cartilage 

16.7.2 Joint Distraction 
 
 
 
• Damaged joint 
without distraction 

• Distraction via coiled 
springs changes 
homeostasis  
• Stress deprivation 
prevents wear  
• Fluid movement 
improves nutrition and 
infiltration of MSCs 
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16.7.3 Strategy 
• Lesion filling? 

• Microfactures? 

• Joint distraction? 

16.7.4 Summary 
• Cartilage has very limited repair capacity  

• Low cell number  

• Low metabolism  

• Avascular  

• Surgical techniques:  

• Microfracture  

• Lesion filling  

• Temporary joint distraction  

• Implants (treated in coming lectures) 
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17. Introduction to (Skeletal and Cardiac) Muscle Structure and Function 

(J. Snedeker) 

17.1 Skeletal Muscle 
 

 

 

 

 

The nuclei of the skeletal muscle stain 

bright red, fibrous connective tissue 

(tendon) stain pale blue, the muscles pink, 

and erythrocytes orange. 

The red circlet section presents the tendon in conjunction with skeletal muscle (muscle tendon junction). The dense 

regular connective tissue (CT) of the tendon stains blue, while the nuclei of fibroblasts (F) and other cellular 

constituents stain red. A few strands of the tendon connective tissue appear attached to the surrounding muscle 

fibers. Notice the Z lines (Z) in between the A bands (A), which help to define the I bands (I). The elongated nuclei (N) 

of the muscle fibers also stain a dark pink, and are located on the periphery of the muscle cells. 

- Skeletal muscle is often called striated (striped) muscle 

- If the muscle doesn’t have enough blood supply it starts to enter into stress. 

17.1.1 Tendon function 
 The central nervous system triggers the muscle fiber at the motor 

junction to release calcium from the sarcoplasmic reticulum.  

This leads to uncovering of actin binding sites. 

ATP (an energy source provided by mitochondria in the muscle 

cells) then powers the actin-myosin cross-bridge motors that 

contract the muscle. 

 

 

 

 

- nerves reach down to the muscles at the neuromuscular junction -> axons of 

the motor junction are transferring the electrical impulses -> de-polarization 

wave 

- Where the neuromuscular junction is, the motor drive comes from the release 

of the neurotransmitters and the muscle de-polarizes. This triggers a release of 

calcium from the sarcoplasmic reticulum. 

- sugar gets converted into ATP in the mitochondria 

 

• ATP - adenosine triphosphate (molecular Fuel)  

• ADP – low energy form of ATP  

• Myosin – a molecular motor  

• Actin – the “ratchet substrate” that the motor acts on 
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17.2 Cardiac Muscle 
Like skeletal muscle, cardiac muscle is "striated" with contraction 

occuring via the sliding (actin) filament mechanism (driven by 

calcium regulated myosin).  

Cardiac muscle cells (”cardiomyocytes”) are short, fat, branched, 

and interconnected by intercalated discs and desmosomes – 

structures that bind neighboring cells together.  

Some (not nearly all) cardiac muscle cells are self-excitable or 

autorhythmic. These cells generate an action potential that 

spreads throughout the myocardium, causing the heart to contract 

as a single unit.  

Gap junctions allow action potentials to spread between cardiac 

cells by permitting the passage of ions between cells, producing 

depolarization of the heart muscle.  

Unlike skeletal muscle there are no individual motor units and no 

motor unit recruitment. In addition, the heart’s absolute refractory 

period is longer than a skeletal muscles, preventing tetanic 

contractions. 

- A lot of mitochondria in skeletal and cardiac muscle 

- Heart is a huge consumer of energy 

- Different to skeletal muscle is, that cardiac muscle have larger structures. Such as the intercalated disc, which are 

unique for the cardiac muscle and structurally couple subunits of the muscle, to coordinate larger groups of cardiac 

muscle, so that the contractions are coordinated 

- Additional structures in cardiac muscle (so not present in skeletal muscle): 

 - gap junctions (encourage communication between the uncoordinated contractility, that is specific to the 

heart) 

- desmosome (physically bind muscle cells together) 

- Skeletal muscle is voluntary, whereas the cardiac muscle is involuntary & autorhythmic 

 

 

Phase 0: Rapid Na+ influx through open fast Na+ 

channels 

Phase 1: Transient K+ channels open and K+ efflux 

returns TMP to 0mV 

Phase 2: Influx of Ca2+ through L-type Ca2+ channels is 

electrically balanced by K+ efflux through delayed 

rectifier K+ channels 

Phase 3: Ca2+ channels close but delayed rectifier K+ 

channels remain open and return TMP to -90mV 

Phase 4: Na+, Ca2+ channels closed, open K+ rectifier 

channels keep KMP stable at -90mV 

 

Cardiomyocyte depolarization and calcium induced contraction relies on “voltage activated ion channels”. Voltage 

sensitive sodium, potassium, and calcium channels are centrally involved.  

Sodium and potassium largely regulate the voltage across the cell membrane, while calcium mediates the acto-

myosin contractile machinery (as in skeletal muscle). 
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Ion pumps and tuned “leak channels” maintain the 

gradients necessary for polarization and depolarization. 

Baseline intracellular sodium is kept low & potassium high.  
 

Selective sodium and potassium channels and voltage-sensitive gates. 

At rest, when the RMP equals −90 mV, Na + and K+ gates are closed. 

The leak channel is about 100 times more permeable to K+ than Na +. 

The RMP of −90 mV is maintained by the balance between the outward 

diffusion force of the K+ ion and intracellular electrostatic attractive 

forces plus the Na +-K+ pump activity. 

 

Calcium-induced calcium release 

After a depolarization via sodium channels, calcium enters the 

cardiomyocyte via L-type calcium channels (orange). Calcium then 

activates ryanodine receptors (green) on the sarcoplasmic reticulum 

(SR). This special receptor senses intracellular calcium and triggers 

calcium release from the SR to further increase calcium availability in 

the cell. As the contraction ends, intracellular calcium reruns to the SR 

via the SERCA calcium channel (grey) 

A small influx of calcium through voltage gated channels 

drives a large release from internal cellular stores, which 

is then rapidly re-collected by “SERCA” ion pumps. 

General architecture and functioning of a voltage-gated ion channel. 

 

 

 

 

 

 

 

  

 

(A) Each subunit is composed of six transmembrane helices named S1-S6 flanked by intracellular N and C termini. S1-

S4 forms the voltage-sensor domain, VSD (green) with a positively charged S4, and S5-S6 forms the pore domain 

(orange) with the selectivity filter (red).  

(B) Four subunits tetramerize to form an ion channel with a central pore-forming unit (orange) surrounded by four 

VSDs (green). The intracellular N and C termini are removed for clarity.  

(C) A change in membrane voltage moves S4 charges in outward direction leading to the opening of the ion 

channel 

- Amino acid sequences are usually there to control the structure, but often they also control the charge 

- If have positively charged part of protein (like on picture A & C) and have a depolarized channel -> Positive charges 

will be attracted to the negative charges (picture C, left), which cause a force on the channel to close it. When the 

cell depolarizes and there is suddenly calcium there, then the positive charges (picture C, right) will create an 

electrostatic repulsion against the positive charges (in the channel) and this pushes the part of the protein away and 

this mechanically opens the channel. 
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Cardiac Polarization Wave: Generation and propagation of 

electrical signals via high conductance tissue conduits. These 

conduits consist of specialized conducting fibers composed of 

electrically excitable cells that are larger than cardiomyocytes 

with many energy producing mitochondria. These cells 

conduct cardiac action potentials more quickly and efficiently 

than any other cells in the heart.  

Sinoatrial (SA) node: An low frequency (e.g. 50 BPM) 

autorhythmic tissue zone that initiates the wave if no 

external signal is received.  

Atrioventricular (AV) Node: A tissue node of specialized cells that augments and passes the wave from the atria to 

the ventricles)  

Perkinje fibers: accelerates propagation throughout the ventricle walls 

 

Heart muscle contraction is a tightly regulated sequence. The sequence is 

critical to ensure appropriate pumping action - filling of some chambers 

and emptying of others at the optimal time.  

Small (pathological) deviations in this sequence can negatively affect 

heart function - leaving a person with inadequate blood oxygenation & 

nutrient transport. 

- damage to the heart can be both electrical (have damaged parts of the 

heart, which no longer conduct correctly, so you can lose the sequencing 

thorough a damaged part) and you can have a loss of mechanical 

function (little tiny defects in the heart start to add up) 

 

The pouch-shaped right atrium (63 ml of blood), receives de-oxygenated blood from the body.  

The crescent-shaped right ventricle (about 120 ml of blood), is charged with deoxygenated blood from the right 

atrium.  

The somewhat spherically shaped left atrium is the smallest chamber— holding about 45 ml of blood (at rest), 

receiving oxygenated blood from the lungs.  

The left ventricle is largest with a volume of about 120 ml is charged by the left atrium with oxygenated blood. 

Altogether, the heart chambers collectively have a capacity of some 325 to 350 ml, or about 6.5 percent of the total 

blood volume in a “typical” individual. 

- Pressure-volume loop (picture on the right) is only for the left ventricle  

- If you have heart insufficiency, the functional problem is usually in the left ventricle 
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Cardiac cells are linked and tightly coupled so 

action potentials spread from one cell to the 

next.  

Activation wavefronts move across the atria 

at a rate of about 1 m/s. When cardiac cells 

depolarize, they also contract. The 

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.  

The activation wavefront then moves to the 

atrioventricular (AV) node, where it slows to 

a rate of about 0.05 m/s to allow time for the 

ventricles to completely fill with the blood 

from the atria.  

After leaving the AV node, the activation wavefront moves to specialized conduction tissue, the Purkinje system, 

which spreads the wavefront very rapidly (at about 3 m/s) to many cells in both ventricles.  

The activation wavefront spreads through ventricular tissue at about 0.5 m/s. This results in the simultaneous 

contraction of both ventricles (ventricular systole) so blood is forced from the heart into the pulmonary artery from 

the right ventricle and into the aorta from the left ventricle.  

The electrocardiogram is an electrical measure of the sum of these ionic changes within the heart. The P wave 

represents the depolarization of the atria, while the QRS represents the depolarization of the ventricles. Ventricular 

repolarization shows up as the T wave, while atrial repolarization is masked by ventricular depolarization. Changes in 

the amplitude and duration of the different parts of the ECG provide diagnostic information for physicians. 

- contraction starts at the SA node (right atria is slightly ahead of the left atria) -> P-wave 

- Activation of the ventricles -> QRS complex 

 

Electrocardiography is the process of producing an electrocardiogram (ECG or 

EKG), a recording – a graph of voltage versus time – of the electrical activity of 

the heart using electrodes placed on the skin. These electrodes detect the 

small electrical changes that are a consequence of cardiac muscle 

depolarization followed by repolarization during each cardiac cycle (heartbeat).  

Changes in the normal ECG pattern occur in numerous cardiac abnormalities, 

including cardiac rhythm disturbances (such as atrial fibrillation and ventricular 

tachycardia), inadequate coronary artery blood flow (such as myocardial 

ischemia and myocardial infarction), and electrolyte disturbances (such as 

hypokalemia and hyperkalemia).  

In a conventional 12-lead ECG, ten electrodes are placed on the patient's limbs 

and on the surface of the chest. The overall magnitude of the heart's electrical 

potential is then measured from twelve different angles ("leads") and is 

recorded over a period of time (usually ten seconds). In this way, the overall 

magnitude and direction of the heart's electrical depolarization is captured at 

each moment throughout the cardiac cycle. 

- By putting the electrodes along different parts of the body, you can 
reconstruct spatial information about the depolarization event 
- Can get different intensities: the more muscle volume is contracting, the 
more voltage you will be able to pick up across these electrodes  
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17.3 Exercise 10 (Additional Info) 
Cardiac muscle 
• Striated 
• Tubular, branched 
• Uninucleated fibers 
• In-voluntary 

 
 
 
 
 

Skeletal muscle 
• Striated 
• Tubular 
• Multinucleated fibers 
• Voluntary 

 

Smooth muscle 
• Non-striated 
• Spindle-shaped 
• Uninucleated fibers 
• In-voluntary 

 

 

Structure of a skeletal muscle 

• Epimysium: Protects muscle and combines with other connective tissue to form tendon  

• Fascicles (wrapped by perimysium): Bundles of 10-100 individual muscle fibers  

• Sarcomeres: repeating functional units of actin and myosin proteins 

Muscle Contraction: Sliding Filament Theory 

1. Depolarization of the muscle leads to the release of Ca2+  

2. Ca2+ binds to troponin protein  

3. Tropomyosin is displaced and myosin binding sites are exposed  

4. ATP is hydrolyzed into ADP + Pi which allows the myosin head to form a cross bridge with actin  

5. Myosin pulls actin inwards, causing a contraction  

6. The binding of a new ATP molecule allows the myosin head to detach and repeat the cycle, or relax. 

Cardiac Muscle Contraction: Excitation Coupling 

1. Self-excitable “Pacemaker” cells in the SA node 

initiate cardiac muscle contraction  

2. Gap junctions allow for excitation coupling of 

myocytes  

3. Voltage-gated ion channels allow for an influx of 

Ca2+ 

4. Ca2+ activates Calcium-gated channels in the SR  

5. Ca2+ binds to troponin and contraction occurs  

 

Electrical Conduction of the Heart 

1) SA node 

 - Generates electrical signal  Atria contracts 

2) AV node 

 - Atria  Ventricle 

 - Slows the electrical signal  delay 

3) Bundle of HIS 

4) Bundle Branch 

5) Purkinje Fibers 

 - Acceleration through ventricles 
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Electrocardiogram (ECG)  

 Measures the electrical potential of the heart via electrodes on the surface of the chest  

 

P: Atrial Depolarization (contraction)  

QRS: Ventricle Depolarization (contraction)  

T: Ventricle Repolarization (relaxation)  

 

 

 

 

Pair these labels with the correct tab 

 

 

 

 

 

 

 

 

 

 1B, 2D, 3C, 4E, 5A 
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18. Introduction to Classic Biomechanics (J. Snedeker) 
The goals of this lecture are:  
• to introduce a few important applications of “movement science”.  
• To more deeply understand the concept of “functional anatomy” whereby the design (anatomy) of a human joint 
can be critically evaluated in (mechanical) engineering terms of its function (efficient movement, powerful 
movement, injury avoidance)  
• to gain some detailed understanding of how the tools of motion capture, force plates, and EMG can be used in 
combination with anatomical models to predict joint loads (forces and moments). 

18.1 Definition 
bi·o·me·chan·ics ('bI-O-muh-'kaniks)  

1. (n.) The study of the mechanics of a living body, especially of the forces exerted by muscles and gravity on the 

skeletal structure.  
2. (n.) The mechanics of a part or function of a living body (organs, tissues, or cells). 

18.2 Why are mechanics important to humans? 
• Classically: Performance  

• Movement science – basic understanding  
• Sports biomechanics (performance)  
 • Movement Analysis i.e. to improve sport performance 
• Trauma biomechanics (injury)  
 • Clinical research  

• Joint biomechanics  
• Orthopaedic implant design 

• Neuromuscular motor control (development, rehabilitation)  
 • Motor learning 

• More centrally:  
• Biology – Musculoskeletal system function and disease  

• Examples of function and pathology  
• Cardiovascular system function and disease  

• Examples of function and pathology  
• Many other systems depend on mechanics in less obvious ways  

• auditory, touch, digestion, and others 
 

18.2.1 Movement Science (“classic biomechanics”) 

Why bother? 

• Movement analysis & sports performance  
-> Balance of external and internal forces is necessary to know what is going on in the joint 

• Tissue (injury) biomechanics 
• Joint biomechanics, clinical research 
• Motor learning 

What can we estimate with movement analysis:  
• efficiency (energetic cost) -> e.g. can efficiently sit 
• power (acceleration) / stability (resistance to impulse)  
• joint loads (“wear and tear”, JRF) 
 

The 3 things needed for analysis of Joint Reaction Forces (JRF) 
• external forces and moments  
• internal forces / moments (exposed by free body diagram construction)  

• muscle moment arms -> need to know how big they are 
• joint center  
• muscle lines of action (direction in which the muscles pull) 

• muscle activity / levels  
• overdetermined problem -> there are many many muscles e.g. across the hip 
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• solution optimization  
• energetic cost minimization? -> most commonly applied judgement criteria 
• stability? -> body recruits’ muscles to keep the joint stable -> joint stability comes sometimes 

          against energetic cost 
• power?  
• tissue overload avoidance? 

Human skeletal system – operating principle 

• Kinematic mechanisms (jointed bones)  

• Joints are stabilized by:  

• ligaments  

• muscles (“engaging the bony surfaces of the joints”)  

• Dynamic actuators  

• muscles 

•  tendons 

- Depending upon, which of those muscles is generating more moment (not force!) 

- How these moments balance determines, whether the joint is stable or not, whether it moves or holds steady 

 

Picture below 

Concentric 

If the extension moment dominates the flexion moment, the joint will move 

and start to extend -> Net moment of extension dominates 

 

Eccentric 

The joint is moving in extension, the flexion muscle is active, but moments 

that it generates are lower than the extension moment. (Flexion) Muscle is 

getting stretched. 

Isometric 

Both muscles are pulling and the moments they are generating are equally balanced, then the joint won’t move 

-> velocity is zero, force is there and net power = velocity*power (and therefore also zero) 

The muscles don’t change their length, but are active (because are pulling) and therefore burning energy. 

 

• A muscle can:  

• move a joint -> concentric contraction, co-contraction (agonist & antagonist) 

• stabilize a joint -> isometric contraction, co-contraction 

 • “dampen” a movement: “energy dissipation” -> eccentric contraction, co-contraction 

• Note: The muscle’s tendon stores and then releases energy (“energy return”) when the joint is unloaded 

• Even for “simple joints” the “functional” center and axis of rotation is often complex  

 -> Functional axis of the muscle is the so called line of action in the muscle, which strikes a vector that is 

perpendicular (senkrecht) to the moment arm of the muscle 

-> Instantaneous joint center is moving (e.g. if flex the knee) as a function of the position of the joint 

• small differences can lead to large differences in muscle recruitment 

• Example: What are the forces on the ankle joint? 

 

-> Forces from A have to be 3-times as high as the ground reaction forces (N) 
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Beyond Movement and Stability, a final important muscle function: Energy Storage / Dissipation 

A shock absorber functions as a damper when a non-compressible 

fluid is driven past a piston, converting kinetic energy to heat.  

 

If the shock absorber is in series with a spring, then stretching the 

spring-shock results in tension on the spring or extension of the 

shock, depending on both the magnitude and time course of the 

force produced.  

 

When an active muscle is lengthened during an eccentric contraction, 

it behaves like a shock absorberspring complex.  

 

In hiking downhill, nearly all of the energy that stretches the active muscle is lost as heat (extension of the shock).  

 

In contrast, running mammals store most of the energy required to stretch the muscle as elastic recoil potential 

energy (extension of the spring), which can be recovered on the subsequent stride.  

 

The 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.  

 

As both of these properties are body size dependent, small animals move with predictably higher stride frequencies 

than do large animals.  

 

Multiple muscles could generate the movement? How are they “recruited” (prioritized for nerve actuation)? 

Effective muscle recruitment depends on the goal: 

• Is it power? 

• Is it stability? -> comes first (more important than e.g. energetic cost) 

• Is it energetic cost? 

• Is it injury avoidance? 

 

 

Which muscle would your brain “choose” to lift the arm? Why? 

- all of the rotator-cuff muscles will be recruited (for stability) 

- Pectoralis, latissimus dorsi,… are also recrueted 

The “function” behind your anatomy and movements  

Skeletal system 

• Components  

• Bones, ligaments, tendons and joints. 

• Function: movement  

• Energetic efficiency (metabolic cost)  

• Power (fight/flight; Darwinian competition)  

• Avoid damage, quick & effective repair 

•  “Design Goal”: survival  

…when food is scarce  

…against threats  

…by avoiding injuries 
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Repetitive movement and power movement 

• Repetitive movements (walking, distance running) are usually governed by energetic considerations (efficiency): 

 SURVIVAL when food is scarce 

• Power movements are (logically) predicted well by power maximization strategies (strength):  

 SURVIVAL against threats 

• Both are critically constrained by requirements for injury avoidance:  

• Avoid soft tissue over-load (cartilage, tendon, muscle, loads)  

• Overload “sensors” exist in the tissues  

• Keep the joint stable – “overload sensors” in the ligaments and joint capsules  

 SURVIVAL by avoiding injury 

 

Applications 

• Training & Performance  

• Running Shoe Design  

• Orthopedic Implant Design  

Tools we have in our arsenal  

• Ground Reaction Forces (GRF): force plates  

• Joint kinematics: motion capture  

• Muscle activation: electromyography  

• Muscle recruitment: inverse dynamics  

• Joint and material stresses: Finite element analysis 

 

Finite Element Analysis 

• A common Goal: Calculate joint reaction forces as input to a Finite Element Model (FEM), so we can estimate the 

stress on the joint surface. 

• Input: JRF (joint reaction forces) 

 

Tools 

“Force Plates” 

• Are an important tool for classic biomechanical analysis.  

• They allow a precise localization of external forces (X,Y,Z) on the body.  

• This precision allows analysis of extremity joint loads (ankle, knee, hip). 

• Force plates measure the body’s interaction with the external world (measure the ”ground reaction forces” or GRF)  

Motion Capture (“Mocap”) to Reconstruct Kinematics of Movement 

• Is the process of recording the movement of objects or people.  

• Started as a photogrammetric analysis tool in biomechanics research in the 1970s and 1980s.  

• A subject usually wears markers near each joint to track segment motion by the positions or angles between the 

markers.  

• Acoustic, inertial, LED, magnetic or reflective markers, or combinations of any of these, are tracked, optimally at 

least two times the frequency rate of the desired motion, usually with (sub) millimeter positional accuracy for 

human joint measurement. 

• Sources of error: Surface (marker) tracking and analysis are indirect reflections of bone movements.  

• The underlying physical model of the body segments plays an essential role in biomechanical analysis (joint 

constraints on possible degrees of freedom). 

There are several possible means to describe the relative movement between to jointed bodies (bones).  

• Rotation matrices (e.g. Euler angles)  

• Classic engineering approach to describe rotations around 3 axes  

• Joint coordinate systems (e.g. Grood and Suntay, 1983)  

• Intended to allow quantitative description of movement in clinical/anatomical terms 
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Electromyography (EMG) to measure muscle activation 
• The basic function of EMG is to see if a muscle is active or inactive.  

-> Each motorunit is polarizing and depolarizing and these show up as voltage fluctuations  
-> Can’t measure force -> Can say if the muscle is on or off 

• It can also give a very rough idea of contraction magnitude “force generating capacity”, and telltale signs of fatigue. 
-> The amplitude of the sEMG (surface EMG) signal is proportional to the force produced by muscle 

• An electromyograph detects the electrical potential generated by muscle cells when these cells are electrically 
(neurologically) activated.  
• The signals can be analyzed to detect medical abnormalities, activation level, or recruitment order or to analyze 
the biomechanics of human movement. 
• EMG signals are essentially made up of superimposed motor unit action potentials (MUAPs) from several motor 
units.  
• The measured EMG signals can be decomposed into their constituent MUAPs.  
 MUAPs from different motor units tend to have different characteristic shapes. 
• EMG decomposition is non-trivial, although many methods have been proposed.  
 

Models to Integrate GRF, Kinematics, and EMG (to estimate muscle function, joint loads, tissue loads) 

 

 

Clinical Gait Analysis: 

Is widely used for surgical planning to 

alleviate muscle contractures in children with 

cerebral palsy (-> crouch gait) 

-> surgeon would probably lengthen the 

tendon (to alleviate effects of chronic 

contracture) 

 

 

 

 

 

 

18.3 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 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 (with EMG helping to identify muscle 
activation) is often used in combination with anatomical models to predict muscle recruitment, and joint loads 
(forces and moments) 
• 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 prediction of movement. 
 
For the exam: 
• Understand the differences between isometric, eccentric, and concentric muscle contraction. Understand that 
concentric activity contributes positive power (acceleration) and that eccentric muscle activity provides negative 
power (braking and/or also provide stabilize the joint) to a moving body. 
• Understand that joint stability is provided by opposing muscles that co-contract to ensure joint contact 
(compression of cartilage-covered bone surface) -> and joint stability also comes from ligaments 
• Understand the basics of using ground reaction force measurements, EMG, and motion tracking to estimate join 
motions (kinematics), joint moments and power (kinetics), and joint tissue loads.  
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18.4 Exercise 11 (Additional Info) 
Muscles 

Functions  

• Movement & stabilization of joints.  

• Energy storage/Dissipation (act as shock absorber) 

 

Question: Torque 

Is the seesaw tilted? To which side?  

• A)  

• B)  

• Not tilted (in equilibrium) 

 

 Solution: Clockwise moment is higher, than the 
anticlockwise moment, so the seesaw will tilt to the side 
B 
 

 
Calculating Joint Reaction forces (JRF)  
1) Free Body diagram   
2) Calculate the moment equilibrium   
3) Calculate the force equilibrium   

4) Calculate JRF  √𝐽𝑅𝐹𝑥
2 + 𝐽𝑅𝐹𝑦

2 

 

Example 

 

 

 

 

 

 

 

 

1) FBD 

 

 

 

 

 

 

 

 

 

2) Calculate the moment equilibrium 

Moment Balance = FMMA = WLx1+WDx2  

FM = 
𝑊𝐿𝑥1+𝑊𝐷𝑥2

𝑀𝐴
=  

30∗0.24+50∗0.6

𝑀𝐴
=

37.2𝑁𝑚

0.05𝑚
= 744𝑁 
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3) Calculate the force equilibrium 

 

 

4) Calculate JRF 

• for x1 = 0.4 * x2  JRF = √𝑅𝑥
2 + 𝑅𝑦

2 = √6992 + 1742 = 721 𝑁 

• for x1 = 0.3 * x2  JRF = 685 N 

EMG: Electromyography 

• Principle: Muscles cells are electrically activated  electrical potential is generated and detected  Analysis  

• To detect/analyze:  

• Activation level of the muscles  

• Recruitment order of muscle fibers  

• Contraction magnitude “force generating capacity” (roughly)  

• Biomechanics of human movement  

• Medical abnormalities  

• Signs of fatigue 

 

Inverse dynamics 

• Aim: Describe the relative movement between to jointed bodies (bones).  

• Tools:  

• Rotation matrices i.e. Euler angles  

• Joint coordinate system 

 

Combining different technologies  

• To estimate muscle function, joint loads, tissue loads.  

1) Data collection  

2) Modelling  

3) Analysis of measurements  

• Applications i.e. Clinical gait analysis Example: CAMS-KNEE 
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19. Introduction to Functional Anatomy – Example: Knee (& Elbow) (J. Snedeker) 
Outline  

• Anatomy  

• Cartilage & Meniscus  

• Ligaments and Tendons  

• Kinematics  

• Kinetics 

 For exam: Just focus on the knee! No specific questions about the elbow. 

Joints 

 

 

 

 

 

 

 

- A lot of dislocation occurs in the shoulder (because it’s unstable) 

 

 

A) Pivot joint  b) Hinge joint (elbow) -> e.g. elbow has much lower forces to deal with than knee joint 

c) Saddle joint  d) Plane joint 

e) Condyloid joint f) Ball-and-socket joint (hip joint) 

19.1 Anatomy 
• Are the knee joint and elbow joint identical?  

• How many bones make up the knee and the elbow joint?  

• What is the function of the patella? 

19.1.1 Bones 
Knee Elbow 

 
 
 
 
 
 
 
 

 

• Stabilizes the ankle joint  
• Supports muscles 6  
• Connects Lateral Collateral Ligament  
- Knee joint consists of 3 bones: Femur, Tibia and 
Patella/Knee Cap 
 Fibula (not part of the joint): stabilizes the ankle 
joint and of course muscle attach on fibula 
-> Fibula is on lateral part of the leg 

• Found lateral (on the outside)  
• Feel radius and ulna twisting  
 Radius (part of the joint) 
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19.1.2 Joints 
Knee Elbow 

 
 
  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Tibiofemoral or Femorotibial joint  
• ‘Condyloid’ hinge joint  
• No fixed instant center of rotation  
-> axis of rotation can move 
 
Patellafemoral joint 
= Saddle joint 
 

Ulnohumeral joint or Humeroulnar joint  
• ‘typical’ hinge joint  
• 1 ‘fixed’ center of rotation 

 
-> composed of 3 different 
joint types 

 

 
 
 
 
 
 
 
 
 

 

• Fibula not part of rotation in knee joint  
• Rotation possible during flexion, hardly during 
extension 
-> All kind of motion in the hip and femur with the foot 
standing still, that’s why you need the degrees of 
freedom in the knee joint 

• ~180 degrees’ rotation of the radius around the ulna  
• Possible during flexion and extension 
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19.1.3 Patella 
Knee Elbow 

 
 
 
 
 
 
 
 

 

• In ‘the knee, extension is dominant  
• The patella lengthens the lever arm, especially in 
extension  
-> moment arm of muscle is further away from joint 
center to allow this muscle to create more torque for 
the same amount of muscle force 
• Patella groove provides joint stability 
- From extension to flexion, the patella starts to track 
inside to the joint 
 

• In the elbow, flexion is dominant  
• Lever achieved by biceps–radius attachment, away 
from the hinge  
• Extension: lever arm much shorter! 

19.1.4 Interosseous Membrane 
Knee Elbow 
 
 
 
 
 
 
 
 
 
 
 

• Stability of the lower leg  
• Transmits forces 

• Stability of the forearm  
• Transmits forces  
• Separates tissues during twisting 

 
 
 
 
 
 
 
 

 

Knee longitudinal forces:  
100% tibia – femur 

Elbow longitudinal forces:   
57% radius vs 43% ulna (in wrist joint) -> changes in 
elbow joint (then there is more force in ulna, because 
of interosseous membrane) 
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19.1.5 Summary Anatomy 
• Knee primary function is extension, while the elbow primarily has to provide flexion  

• The fibula does not participate in the knee joint, whereas the radius does in the elbow  

• The radioulnar joint enables forearm twisting, the knee can predominantly rotate in flexion 

19.2 Cartilage  
• Do both joints (cartilage & meniscus) have the same cartilage? Are they equally affected by osteoarthritis?  

• What are the main functions of the menisci? 

Knee: 

- Articular cartilage covers both bones 

- Inside the knee joint, there are two menisci  

-> important for distributing the forces over the joint 

(protect the cartilage from damage, take up shear forces) 

- Condyle joint: not only compression, but also rotate 

movements 

-> Cartilage is good with compression, but not with shear 

- Cartilage thickness is in line with the mechanical loading 

on the joint & healthy articular cartilage has thickness 

between 1.5-3mm (in elbow the thickness would be ~1/2 

      of the knee) 

19.2.1 Synovial Lubrication 
 

- small sack that surrounds the joint, which is filled 

with fluids 

 

 

 

 

 

19.2.2 Osteoarthritis (OA) 
Knee Elbow 

 

 
• Symptomatic knee OA: ~12%  
• Affects ‘all’ ages  
• Women more susceptible (menopause)  
• Risk factors:  
          • Overuse  
          • Skeletal deformations  
          • Joint laxity 

• Symptomatic elbow OA: 2%  
• Rarely diagnosed in individuals in <40 years 
• Women more susceptible (menopause) 
• Risk factors: 
          • Overuse 
          • Skeletal deformation 
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19.2.3 Meniscus 
 Meniscus Cartilage 

Water 60-70% 65-85% 

Collagen Type I 75% dw Type II 60% dw 

Proteoglycans 1.5% dw 12.5% dw 

Cells ‘Fibrochondrocytes‘ (more cells) Chondrocytes (few cells) 

Blood supply Blood vessels 
-> More robust blood supply than 
articular cartilage 

(Almost) no blood vessels 

  

 
 

Knee Elbow 
 
 
 
 
 
 
 

 

• Stability due to wedge effect  
• Optimized load distribution (with meniscus) 
-> Reduces stresses on cartilage 

• Stability from hinge joint  
• Load transfer through 2 joints 

 

 

 

- Injury of meniscus -> has to take it out 

- Because of pathological loading of the 

cartilage this often proceeds into OA 

 

 

 

 

19.2.4 Summary Cartilage 
• Cartilage structure is similar for both joints, although thicker in the knee  

• The meniscus stabilizes the knee and assists in shock absorption 
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19.3 Ligaments & Tendons 
• What are the most common tendon/ligament injuries in the knee and elbow?  

• Do the knee and elbow roughly contain the same ligaments to assist in stability? 

- Varus = O & Valgus = X 

 

 

 

 

 

 

 

 

 

Ligament:      Tendon: 

- mostly type 1 collagen (very strong in tension)  - connects bone to muscle 

- there are fibroblasts in there 

- for stability 

- connects bone to bone 

- 4 ligaments in the knee  

- LCL & MCL: prevent the knee from going to the side, so prevent valgus and varus rotation (in frontal plane), 

prevent the condyle from rocking 

-> e.g. with valgus: MCL goes tight 

 - ACL & PCL (Kreuzbänder): limit the movement front & back and limit external & internal rotation 

- Ligaments are important to limit the total movement that a joint can have, limit the kinematics in a very narrow 

band 

- good at healing themselves -> have a pretty good blood supply 

- In elbow there are a lot of ligaments 

 

Knee Elbow 
 
 
 
 
 
 
 
 
 
 

 

• Restrain to varus stress:  
          • Meniscus wedging  
          • Lateral Collateral Ligament (LCL)  
• Restrain to valgus stress:  
          • Meniscus wedging  
          • Medial Collateral Ligament (MCL) 
 

• Restraint to varus stress:  
          • Ulnohumeral articulation (91%)  
          • Anterior capsule and LCL (9%)  
• Restraint to valgus stress:  
          • Medial collateral ligament (MCL) 
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• Injuries: 
          • Torn lateral collateral ligament (LCL) 
          • Torn medial collateral ligament (MCL) 
 Fairly high regenerative potential due to blood clot 
formation 

• Injuries: 
          • Torn ulnar collateral ligament 
 Fairly high regenerative potential due to blood clot 
formation 

• Increased lever arm: patella 
-> Compressive system 

• Increased lever arm: biceps attachment side 
-> Tensile system 

 

 

 

 

 

 

 

 

 

 

 Quadrate ligament prevents hyper-supination 

Nursemaid’s elbow 

 

- In children: usually tear away from the bone 

-> Bone heals super-well 

 

 

 

ACL (limits) PCL (limits) 
• Anterior displacement of tibia  
• Internal knee rotation  
• Hyperextension 
- Prevents a forward movement of the tibia and a 
backward movement of the femur 
 
- Injury: 
- Doesn’t heal very well 
-> Difficult for the ligament-ends to find each other, 
because are in synovial fluid 

• Posterior displacement of tibia  
• External knee rotation 
- Prevent forward/anterior movement of the femur and 
posterior/backward movement of the tibia 
 
 
- Injury: 
- Heals itself pretty well  
-> good vascular blood supply 
-> Ligament-ends can find each other 
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19.3.1 Case Study – Pediatric ACL Reconstruction 
 

 

- In kid: need a healthy undisturbed growth plate 

-> Physeal sparing: surgery approach  

-> Different in adults 

 

 

 

 

19.3.2 Summary Ligaments & Tendons 
• Both joints have in common:  

• the MCL and LCL  

• Additional stability:  

• Knee: ACL, PCL & Menisci  

• Elbow: joint type & annular ligament  

• Lever arm:  

• Knee: patella  

• Elbow: biceps attachment 

 

19.4 Kinematics 
 Movement 

• Kinematics: the branch of mechanics concerned with the motion of objects without reference to the forces which 

cause the motion  

• Oldest (1888) kinematic analysis from The Netherlands: an analysis of ice-skating  

• Camera’s are activated when the ice-skater passes a rope 

• What are the main differences in range of motion between the knee and elbow?  

• The elbow has high rotational possibilities, but how is this achieved in the knee? 

 

19.4.1 Type of joint 
Condyloid hinge joint Hinge joint Pivot/Hinge joint 

 
 

 
 

 

• Rotation around 2 axes  
• 3rd axis (frontal plane rotation) 
blocked by MCL & LCL 

• Rotation around 1 axes  
• Other axes blocked by joint shape 
and collateral ligaments 

• Rotation around 2 axes  
• 3rd axis blocked by joint shape and 
collateral ligaments 
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19.4.2 Flexion & Extension 
Knee Elbow 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 

 

• Instant center pathway is semicircular  
-> Center of rotation is not fixed 
• Radius of femoral condyles gradually reduces  
• Motion at articulating surfaces is a combination of 
rolling and sliding 

• Instant center of rotation in elbow is fixed 

 

Flexion and extension are about 2 things: 

- Rolling (early flexion) 

- Sliding (2nd part, deep flexion) 

 

 

 

 

 

 

 

 ACL & PCL guide the knee in its natural motion 
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• Kinematics of the menisci with knee 

extension, flexion and rotation.  

• Objective = to maintain congruency 

(maximize contact area)! 

- more travel back and forth on the lateral side 

-> medial: more like ball and socket 

 

19.4.3 Rotation 
Knee Elbow 

 
 
 
 
 
 
 
 
 

 
• External rotation  
          • In flexion (180), in extension (90)  
• Internal rotation  
          • In flexion (250), in extension (100)  
-> more rotation in flexion than in extension 
• More ‘false’ rotation in extension: hip joint 

• Pronation ~90° 
• Supination ~90° 
• More ‘false’ rotation in extension: shoulder joint 

 

Knee Rotation 

• ACL & MCL are tensioned in extension, 

pushing condyles into menisci  

• Medial condyle larger than lateral  

• Medial condyle ‘rotational axis’ blocked by 

menisci  

• Rotation in extension is thus resisted 

 

 

 

 

 

Tibiofemoral joint:  

• Extension associates with rotation, i.e. non-hinging, due to 3 factors 

- Extend the knee:  

-> lateral part is more mobile than medial part (more fixed center of rotation) 

-> tension in ACL is creating an anchor point  
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Elbow Rotation 

• Unique of the arm: without repositioning 

shoulder and wrist, elbow can be twisted  

• Role in finding the maximal force output (for 

instance in opening a jar) 

 

 

 

 

 

 

 

Elbow joint:  

• Independent rotation (pronation / supination) and flexion / extension 

 

 

 

 

 

19.4.4 Adduction & Abduction 
Knee Elbow 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

• Abduction: MCL & Meniscus  
• Adduction: LCL & Meniscus  
• ‘A lateral meniscal tear facilitates abduction (valgus)’ 
- Muscles can compensate for injury (e.g. torn 
meniscus, ligament tear) -> can stabilize the joint 

• Adduction: Joint geometry (and LCL)  
• Abduction: MCL 
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• Women, on average, have more valgus due to a wider 
pelvis  
• Valgus provides the same stability 

• The elbow has a ‘carrying angle’ (natural valgus)  
• The shorter the forearm bones, the greater the 
carrying angle 

 

19.4.6 Summary Kinematics 
• Knee range of motion is controlled by: 

• ligaments (extension, abduction, adduction, rotation)  

• condylar shape and menisci (translation & rotation)  

• soft tissue contact (flexion)  

• Elbow range of motion is controlled by:  

• ligaments (adduction and abduction)  

• humeroulnar shape (adduction)  

• radioulnar shape (pivot joint for 1800 rotation)  

• the olecranon process & fossa (extension) and tissue contact (flexion) 

 

19.5 Kinetics 
• How is force transmission enabled by: 

• the patella?  

• the menisci? 

 

19.5.1 Patella 
• Patellafemoral joint = Saddle joint 

• Tibiofemoral or Femorotibial joint = ‘Condyloid’ hinge joint 

 The patellatibial joint does not exist! 
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• Patella resultant force is low in extension  

-> most of the forces are up and down and cancel 

each other out 

• Patella resultant force is potentially very high in flexion 

-> Forces go up, don’t cancel each other out, which 

means that the femur has to come up with a 

higher counterforce 

 

 

 

Two mechanisms reduce patella reaction force 

in flexion 

1. Lever arm is reduced because meniscus and 

femur slide posterior 

2. Patella sinks into the patella groove 

 

 

19.5.2 Meniscus 
Meniscus functions:  

• Shock-absorption -> viscoelastic contribution 

• Increase congruency (fit) & area of contact 

distribute loads 

• Deepens the articulation (stability) 

- Not only carries the shear-forces, but also 

distributes the compressive forces in the knee  

-> If meniscus is gone, the compressive forces 

increase 3x 

 

Wedge shape  

 Stability due to wedge effect 

• 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 

- Have different layers in the meniscus, which carry load in different directions 

Same body weight 

through smaller area  

-> more stress, more 

articular cartilage wear 

Absent meniscus 



Materials and Mechanics in Medicine HS20 – Chantal Widmer 

152 
 

19.5.3 Dynamic Analysis 
 

 

 

 

 

 

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) 

 

• Optimize pitch technique  

• Pitch faster  

• Prevent (elbow) MCL injuries (associated with late trunk rotation, reduced 

shoulder external rotation, and increased elbow flexion) 

 

 

19.5.4 Summary Kinetics 
• Two mechanisms reduce patella reaction force  

1. lever arm is reduced because meniscus slides posterior  

2. patella sinks into the patella groove  

• The meniscus has superior properties (structural, compositional, deformability) to absorb and distribute imposed 

load 

 

19.6 Exercise 13 (Additional Info) 
• Are the knee joint and elbow joint identical?  

• Which bones make up the knee and the elbow joint?  

• What is the function of the patella?  

• Do both joints have the same cartilage? Are they equally affected by osteoarthritis?  

• What are the main functions of the menisci?  

• What are the most common tendon/ligament injuries in the knee and elbow? 

• What are the main differences in range of motion between the knee and elbow? 

• The elbow has high rotational possibilities, but how is this achieved in the knee?  

• How is force transmission enabled by the patella? the menisci? 
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20. Shoulder Implant Biomechanics (J. Snedeker) 

20.1 Total vs Reverse Shoulder Arthroplasty (TSA vs RSA) 
Here you see the two classes of shoulder implants that are 

available for treating severe dysfunction of the shoulder joint:  

 scapular ball = glenoid sphere (the glenoid is the name for this 

anatomical subregion of the scapula (shoulder blade)) 

 

1) Total shoulder arthroplasty (TSA) which is an anatomic design 

(humeral ball and scapular socket)  

 Gold standard for treatment of end stage arthritis 

- Rough surface: bone will grow in 

- Usually with metals in bone (plastic doesn’t work) 

- In a ball-and-socket joint if it’s only rolling and not sliding, then the center of rotation is in the center of the sphere  

-> depending upon where the surgeon places the artificial sphere, affects the moment arms of all the muscles 

(around the shoulder) 

 

2) Reverse shoulder arthroplasty (RSA) which is a non-anatomic design (humeral socket and scapular ball)  

 Increasingly used to address (massive) rotator cuff tendon tear. 

Because re-tear is so common for larger tears, surgeons increasingly opt to reverse shoulder arthroplasty. This 

implant design pushes the joint center of rotation toward the midline of the body. Increasing the moment arms of 

the rotator cuff muscles, and restoring range of motion, even when the rotator cuff muscles are tendons are 

otherwise “insufficient”. 

20.2 Osteoarthritis (OA) 
• Osteoarthritis is a fairly rare affliction, affecting about 3 people out of every 20´000 in the population (in the 

shoulder) -> in the hip it would be more 

• Joint replacement is the main way to treat pain associated with this disease. 

• Osteoarthritis + rotator cuff tears = rotator cuff tear arthropathy 

20.3 Rotator cuff tendon 
Torn rotator cuff tendon 

Most shoulder pathologies are driven by joint instability, most often 

caused by “rotator cuff tendon insufficiency”. Small to large to complete 

tears in the rotator cuff tendons diminish the ability of these muscles to 

compress the joint.  

• 50% of people in their seventh decade, and over 80% of people over the 

age of 80 will suffer a full-thickness rotator cuff tear 

• 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. 

• 1.6 “elderly” people (over 60 years) per 1’000/year (so quite common): Handled by soft tissue repair (in the first 

line of “defense”) 

- Have high forces and low surface area -> high stresses 

- Rotator cuff is all the time active, otherwise the arm would fall out of its socket 

- Acromion creates a lot of space and gives the deltoid a big moment arm. If you lift your arm, the supraspinatus gets 

squeezed between the humerus and the acromion. -> Most common injury, so the supraspinatus is gone. The 

surgeons will instead of fixing the tendon, use reversed shoulder arthroplasty. 

- Once you get a tear in the cuff it doesn’t heal (because there isn’t a good blood supply) and gets bigger 

- Small tear will disconnect the muscle form the bone -> can’t lift arm anymore 
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Surgical repair of the “massive” tear (more than one tendon) 

Tears of the rotator cuff tendons are often repaired using sutures and bone anchors. The goal is to “close the cuff” 

and fully anchor it to the bone. 

-> massive tear is also called irreparative tear 

20.4 Primary and secondary stability 
• Primary stability: suture hold in degenerated tendon 

• Secondary stability: restoring the enthesis 

 Larger tears are more difficult to repair, with repairs often failing. Reported re-tear rates of massive tears range 

from 20 to 90% 

20.4.1 Secondary stability 
One major biological cause of failed repair is the inability for the tissue to regenerate the “enthesis” a highly 

specialized tissue transition from tendon to bone, with interlocked collagen fibers that progress from mineralized 

(bone) to non-mineralized (tendon) and allow transfer of high forces over similarly high surface areas, this 

minimizing material stresses. 

 

- sutures are pulled through the tendons, which are 

not strong enough to hold them  

- Before tear (left picture): Have collagen fibers, 

which are going quite continuous from the tendon 

to the bone. Have mineral one side and soft 

collagen on the other. Form tissue transition, which 

gives a lot of surface are, and the forces are big, so 

stresses are reasonable (Force/Area) 

- After tear (right picture): Lamellar configuration (layers). Tendon is laid on top of the bone. Forces are the same, 

but the surface area is much lower, which leads to higher stresses and therefor to more risk of failure. 

Novel devices towards enthesis regeneration 

 Don’t yet exist on the market! 

Medtech devices that promote enthesis regeneration is a major area of activity in the field. 

20.5 Shoulder anatomy 
The shoulder girdle is formed by segments and articulations associated with the thorax, clavicle, scapula and 

humerus. 

Here a closer look at the shoulder joint, the 

“shoulder joint” actually consists of two joints: the 

scapula and humerus (gleno-humeral joint) and the 

scapula and clavicle (acromio-clavicular joint or A/C 

joint). The scapula has a complex anatomy that also 

glides on the back of the thorax (ribcage). These 

various contacts determine the kinematics of the 

shoulder, and require exquisite muscle coordination 

to correctly position the shoulder blade (scapula) 

and the humerus. 
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The 4 rotator cuff muscles are active joint stabilizer and 

provide rotation function. 

- Subscapularis: between the ribcage and the bone 

-> internal rotation 

- Infraspinatus: on the back side 

-> external rotation 

- Supraspinatus: on top 

-> elevation, abduction 

- Teres minor (together with infraspinatus and subscapularis) 

-> adduction, down 

 

The 3 most superficial shoulder muscles are also prime 

movers. The outer muscles have larger moment arms 

(because are far away from the joint center), and larger 

size, and so emerge as “prime movers”. 

-> do the heaving lifting 

- Deltoid: has 3 main segments 

- Pectoralis major: big part of down motion 

         - Latissimus dorsi 

 

Co-contraction stabilizes the joint, but also results in 

large compressive forces. 

- Subscapularis and Infraspinatus both pull the joint 

in. They cancel each other out, in terms of the 

rotational moments, when they co-contract, so you 

end up with a compressive force on the joint. 

 

 

 

20.6 Anatomic total shoulder arthroplasty (Anatomic TSA) 
Used in the treatment of end-stage 

osteoarthritis, severe pain, reduced range of 

motion (ROM), and loss of muscle strength.  
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20.6.1 Complications 
Post-operative rotator cuff tears known to occur (most commonly with 

supraspinatus).  

Rotator cuff tears (most often supraspinatus) after TSA are common. This 

may be caused by ”impingement” (contact and wear) between the implant 

and the rotator cuff tendons (increased contact pressure). It might also 

reflect that the joint is generally degenerative, and be caused or 

accelerated by joint inflammation of tissue disease. 

 

Experiments on human cadavers confirms that total 

shoulder replacement (“anatomical”) indeed 

increases peak contact pressures on the tendon 

when the shoulder is elevated. This is measured 

using pressure sensitive films that reveal the contact 

pressure. 

- get higher stresses in general 

 

 

 

20.7 Reverse total shoulder arthroplasty (RTSA) 
• Relative to the anatomic shoulder, the RTSA medialises (toward the center) the GH joint center of rotation, and 

inferiorises (lower) the humerus  

• RTSA to “get around” rotator cuff deficiency 

• How the reverse should design increases the moment arm of the deltoid (the primary mover of the shoulder) in 

elevation, which typically requires substantial help from the supraspinatus muscle to lift the arm, particularly at the 

beginning and end of lifting motion. -> Larger moment arm and same force, leads to higher torque 

 

 

 

 

 

• Used in the treatment of rotator cuff tear arthropathy (when glenohumeral joint is unstable), but also trauma and 

tumor resection 

• Semi-constrained articulation stabilizes glenohumeral joint in absence of rotator cuff  

• So called “modular” implants already allow an initial replacement of the shoulder joint with an anatomical design, 

but allow a revision in case the rotator cuff becomes insufficient. This prevents the need to remove the implant from 

the bone, which is technically difficult and may not leave enough bone to place the second implant. 

• RTSA comprises one-third of all shoulder arthroplasties performed in the states 
• Broad indication, e.g. rotator cuff tear, arthropathy, tumor resection, proximal humeral fracture, revision 
arthroplasty 
• Rotator cuff tears and arthritis present in 80% of cases 
• Complication rates have ranged between 10% and 68% (up to 90% in smaller studies) 
• Dislocation accounts for 44% of complications 
• RSA can restore range of motion, but also comes with its own risks! 
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20.7.1 Reverse Shoulder Arthroplasty (RSA): Complications 
• Dislocations  

• Base plate loosening due to  

• Impingement of implant on scapula  

• Base plate rocking 

• Altered loading and bone remodeling 

 

• Engineering solution: Implant designs that avoid “bony impingement” (e.g. during adduction/external rotation)  

-> erosion of scapula, comes from internal rotation and adduction 

• A major complication is loosening of the implant. “Strange bone loads” and mechanobiologically driven bone 

remodeling are involved.  

altered anatomy = altered bone 

loads = bone remodeling 

As long as the force vector runs 

through the center of rotation, you 

don’t have any moments that are 

generated on the implant.  

 

 

 

 

 

Edge loading in “anatomic” TSA and suspected glenoid base plate “rocking” 

-> Rocking is a problem in RSA and anatomic TSA. 

 

 

 

 

20.7.2 Quantification 
How we quantify muscle and joint function after RTSA using measurement and modelling (i.e. in vitro, in vivo, in 

silico): 

• Muscle moment arms 

• Muscle lines of action 

• Muscle force 

• Joint force 

• Bone and implant stresses 
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Muscle moment arms after RTSA 

Muscle moment arm (muscle leverage): The perpendicular distance between a muscle’s line of action and the joint 

center of rotation in which it spans. 

The shoulder joint can be passively abducted, and the 

moment arms of the shoulder musculature measured using 

the tendon-excursion method.  

- MA = moment arm 

- geometric relationship between tendon excursion and 

joint angle 

 

Muscle moment arms in native shoulder: The low 

moment arms of the deltoid when the arm is at one’s 

side (0 degrees’ abduction) is a major reason for lost 

range of motion if the supraspinatus is compromised 

(the supraspinatus has a large moment arm at 0 

degrees’ abduction) 

-> The muscles, which have the best/biggest moment 

arms, are doing the work. 

 

- Anterior deltoid: Almost no moment arm, when the arm isn’t lifted. Only is doing something, when the arm is 

already lifted. 

- Middle deltoid: Already has a small moment arm, when the arm isn’t lifted 

- Anterior supraspinatus: Has a big moment arm, when the arm isn’t lifted. Helps to elevate the arm. That’s why we 

can’t lift the arm, when the supraspinatus is torn. 

 Muscle moment arm change, depending on how the arm is rotated. 

 

RSA gives the deltoid substantially more leverage in a neutral 

posture. 

-> Implant (on the left picture) changes anterior and posterior 

deltoid to instead of being antagonists to becoming agonists. 

-> Implant changes the function of the deltoid. 

 

 

 

 

A closer look at the deltoid moment arm 

gains after RSA. Same muscle force gives 4X 

more moment. 
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While ability for elevation can be restored, other 

functionality may be compromised. This can be a major 

complication in some patients, but it is challenging to 

predict which patients will respond poorly 

-> Sometimes the patients don’t adapt to the “new” 

muscle functions 

 

 

 

Muscle lines of action after RTSA 

• Muscle line of action: The unit vector direction of the force produced by a muscle. It confers muscle stabilizing or 

destabilizing potential. 

• Muscle lines of action change, changing the resultant forces at the joint, and consequently forcing bone adaptation 

(beyond the bone adaptation to the implant bone anchorage itself). 

- Typically the rotator cuff muscles 

stabilize the joint  

- If they go more to compression, they 

are stabilizing 

- If they go more to shear, they are 

destabilizing 

 

 

 

Muscle forces after RTSA 

• Muscle forces cannot be measured (non-invasively) 

• Patient-specific muscoskeletal 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, …) 

• To accurately predict muscle loads is highly challenging (some might say, not possible). 

 

 EMG studies can help, but are both challenging and limited in the 

insight they can provide. Accurate and precise robotic assessment 

of external loads is very helpful…  

 

 

 



Materials and Mechanics in Medicine HS20 – Chantal Widmer 

160 
 

 

 

 

 

 

 

 

• Significantly smaller mean and peak deltoid and rotator cuff muscle forces post-operatively (due to larger lever 

arm) 

• Muscle force peaks occur at different joint positions post-operatively 

• Still, predications of muscle force can be made. Of course anatomic and native muscle forces generally share 

similar shapes, but can differ depending on how moment arms are affected by the implantation (glenoid resection 

depth and angle, among other anatomical offsets of the humeral head center of rotation). 

- Anatomic TSA has usually a very similar shape to the native. The reversed has a completely different function. 

- RTSA can help in early elevation of the arm, but have a limited range of motion, when going up (middle picture) 

Joint forces after RTSA 

• Significantly lower average joint compression post-operatively (due to smaller muscle forces) 

• Significantly larger average superior joint shear post-operatively (due to changed muscle lines of action and 

reduced joint compression) 

• RSA and the insufficient cuff features reduced compressive forces, and decreased ability to recenter the joint 

against shearing forces 

- In anatomic or native, the joint forces 

and compressive forces are higher, but 

shear forces are lower. 

-> Less stable joint in reversed. 

 

 

 

Bone and implant stresses 

• Finite element modeling is widely used to guide implant design, particularly to optimize load distributions in the 

bone, hoping to avoid mechanobiologically driven implant loosening. 

• Finite element models can be used to interrogate stresses and strains in bone, soft-tissue and implant 

components. 

• They are typically developed from medical imaging data, CAD files of implants, and virtual surgery. 

 

This plot shows how sensitive joint loading is 

to the status of the rotator cuff, and gives a 

hint on how changes in rotator cuff function 

may drive shoulder joint disease. 
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20.8 Model Validation and further testing 
Mean glenohumeral joint translations significantly reduced post-operatively during abduction and flexion. 

This will lead to increased moments/shearing on the glenoid component! 

The RSA tends to be more “highly constrained” than an anatomical TSA and the native shoulder. This leads to more 

“torque” at the joint interface, and also at the interface between the glenoid component and the glenoid bone. This 

is a common site of implant loosening…. 

 

 

 

 

Instrumented shoulder prosthesis revealed that many /most 

predictions for muscle recruitment could be quite wrong. 

Most models over predict joint forces compared to actual 

measurements. Finding out why this is representing a major 

area of research in the field. 

 

 

 

20.9 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) 

• Increased in muscle leverage after RTSA reduces muscle and joint loading (movements more efficient) 

• Greater superior joint shear post-operatively 

20.10 Exercise 13 (Additional Info) 
Reverse Total Shoulder Arthroplasty 

• Increase in muscle leverage after RTSA reduces muscle and joint loading (movements more efficient) 

• Significant increase in the mean moment arm of anterior deltoid and middle deltoid  

• posterior deltoid as an abductor (was an adductor preoperatively)  

• Also, posterior deltoid changes from external rotator during flexion to internal rotator (at high elevation) 


