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1. HISTORICAL OVERVIEW 
What do Materials and Mechanics have to do with Medicine?  
 
Materials: 

 Materials are everywhere in medical devices (e.g. finger joints, breast implants, heart valve, hip joint, artificial 

heart, intraocular lens)  They have revolutionized the treatment of disease 

 Each device is used millions and millions of time  It is important, that there will not be any foreign reaction 

 3 Types of (bio)materials are used: 
- Polymer 
- Metal 
- Ceramics  There are not many ceramics implants 
 Medical device can also be made from a composite of polymer and metal 

 
Eg. Medical devices with metal:  

- Hip and knee prostheses  - Stent (cardiovascular)  - Pacemaker 
- Heart valve   - Dental implant 

 
Medical devices with Polymer: 

- Intraocular lens  - Vascular graft   - Catheter  - Breast implant 
- Contact lens  - Hip and knee prostheses  - Heart valve  - Renal dialyzer 

 
 Metal and polymer = main categories, that we will be talking about 
 
Mechanics: 

 Understand the structure/function 
relationship of biological systems  

 Design of medical devices with 
mechanical compatibility  Use the 
right stress and pressure, so that the 
bone can do his normal function 

 Mechanics of cellular processes 
(mechanosensing, 
mechanotransduction)  

 
 
 When we design a new implant, it is 
important to think about: 

- material compatibility  So that it is 
accepted by the body 

- mechanics  So that we can have mechanical compatibility 
 
How to know what paper are important/are going to have a big impact: 

- Number of citations 
- Impact factor 
 The higher these are, the better the papers are 

 
A BRIEF HISTORY OF MEDICINE: FROM ART TO EVIDENCE-BASED SCIENCE 
How old is medicine? 
Very old, as we can find it also in fossils (e.g. in Neanderthals teeth (~50’000 years old))  They found aspirin (pain 
killers) in tooth plaque 
 
When was the first surgery performed?  
Trepanning is the oldest documented surgical procedure  We know about this procedure, because it was inflicted 
on a person’s skull = hole in the skull 

 Found on Neolithic skull, 6500 BCE 

 30% of skulls were drilled in some sites 

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

Mechanical compatibility 
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 Performed on living patients  We know it, because we 
can see that the bone was healing 

 
Trepanning instruments  Started from very rudimental and 
became then more and more sophisticated over the centuries ( 
In 1806 AD there was a hole tool kit for this technique) 
 

 

 

 

 

 

 

 
Why did this gruesome and ineffectual technique survive for 1000s of years?  
 It has to do with ow disease was seen 

 In ancient times, illness was thought to be caused by evil spirits and demons  Disease was something 
supernatural 

 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  They thought, the spirits were in the head of the 
patient 

 
Bloodletting 

 = second oldest surgery 

 Used to release blood from patients 

 Started in the 5th-2nd Century BCE 

 They became more and more sophisticated with time 
 What do people understand about disease, that is making them cause people to bleed? It has to do with the view 
of some cultures about the flow of fluids in the body 
 
Imhotep (2650-2600 BCE) 

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

 He postulated “The Channel Theory”  Theory says that there are 46 channels in the body (vessels, 
intestines, tendons)  Talks about the flow of fluids in the body 

 At this time, it was not possible to do a dissection; the only thing that a clinician would know about the body 
was the fluids that would go in the body (things that we drink) and out of the body (tears, urine, …)  

 It was thought that the 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 
 This is why it was thought to be a treatment 

 Treatments now focused on the body rather than talking with the spirits  This was already an advance 
from before 

 
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.”  

 He stated that “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  These are things that we also often hear today 

 Categorized disease as epidemic/endemic, chronic/acute 

Trepanning in the renaissance  
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 He reduced the 46 channels from Imhotep to 4 different humors  He believed that if 
these 4 fluids in the body were not in balance, this would cause a disease 

- 4 humors: 
 Blood 
 Yellow bile 
 Black bile 

 Phlegm 
- This idea was very dominant for a lot of years in medicine because of 

Claudius Galen 
 
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 (Induced) 
 
 The ideal of disease has been shifting from the supernatural to the patient, but people were still concentrated on 
the flow of the fluids, as it was the only thing they could observe 
 
 Bloodletting and trepanning were based on a poor understanding of what is causing disease 
 
Spreading of Bubonic Plague (= Black Death)  Spread from Asia, but took ~15-20 years to spread throughout 
Europe, as the people moved by land and see (not by plane) 
 
Miasma Theory 

 Because people did not know the cause of disease, they thought that putrid smells were the cause of it  As 
they thought it was a punishment from God 

 = Disease is transferred by something in the air 

 People walked through the streets holding devices (= Pomander), to cleanse air with herbs and spices to 
purify the air 

 
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)  Dissection was forbidden until 14th 
century 

 
William Harvey (1579-1657)  He publishes De Motu Cordis (On the motion of the Heart) in 1628 explaining human 
circulation  He described that there was a pulmonary and a systemic circulation 
Marcello Malpighi (1628-1694) Discovers capillaries in 1661  
James Lind (1716-17949)  In 1747 he made the first clinical study 
 
1800-1900: Science and Technology take charge 
• 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  

 Number of surgical deaths increased with the use of anesthesia   Surgeons were going more in depth, 
causing more infections 

 Tracked the cases of cholera on a map 
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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 the idea of the 4 humors causing the disease 
 
Joseph Lister (1827-1912) 

 Publishes “Antiseptic Principle of the Practice of Surgery Translated” in 1867  Antiseptic = Bacteria are 
there and you try to kill them 

 Applied germ theory to the OR  

 Got surgeon’s to accept germs existed  

 Eventually replaced by aseptic technique (sterilization) = you have a surgical procedure and you try to 
prevent the entry of microorganisms 

 
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  

 Reduced mortality due to bacterial infection  

 Reduced cases of syphilis, tuberculosis etc.  

 Enabled more complex operations  
 
Hospitals in modern times 
Novel inventions, large machines and expensive facilities  Discoveries are made very fast 

 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’  

 1940s: Cardiac catherization and angiography  

 1950s: Ultrasound  

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

2.1 BIOMATERIALS I 
Def. Biomaterials: 

 A non-viable material used in a medical device, intended to interact with biological systems  Non-viable 

material can contain many things  With this def., something that is not implanted in the body (e.g. blood bag) is still a biomaterial 
 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 broad definitions to include not just the implants, but also things that are going to interact with the system 

 
Requirements for implants: 
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Stress-strain curve for the used biomaterials:       
 
POLYMERS  All these, that we talk about in this lesson are non-degradable 
Key Applications from the Operating Room  examples 

 Catheters 
- Teflon, silicone, poly urethane 
- 1 billion patients per year 

 Blood bags 
- Poly vinyl chloride 

 Sutures 
- Poly propylene 

 Polymers are everywhere! 
 
Key applications for the skeleton  Examples 

 Joint replacement  

 Titanium, stainless steel, polyethylene, ceramic  

 2.5 million patients/year  
Dental Implants  

 Titanium  

 Zirconium Dioxide  
 
Polymers are by far more important (= more used) than metals and ceramics ( only very few products with ceramics) 
You do not have to use a single polymer  You can form copolymers  cannot do this as good with metals 
 
Polymers: 

- Largest range of properties - Some are degradable  - Have low friction - Transparent 
- Are flexible, tough  - Biocompatible  - Are inert  Do not adsorb proteins 

 
Covalent bonds between Mers 
 Polymers start with a single monomer 

 Mer =  

- By changing W, X, Y, Z groups you can change the properties of the mer 

 To make a polymer the mers undergo a polymerization  They become a long chain of carbons: 

 The bonds made in polymers are covalent bonds 
 
Poly(Ethylene) 

 The most widely produced 
 

 Ethylene =  
 

 Via polymerisation you can make a linear or a banched chain of ethylene: 

 You can make a huge range of properties by: 
- changing the crosslinking process 
- The length of the chain 

 It is very relevant for medicine, when the chain build is very long 
 
Properties of Ultra-High Molecular Weight Polyethylene (UHMWPE): 

 Molecular Weight – 3 million Da  

 Extremely high wear resistance  
- Entanglements of long polymer strands (think long and cut 

spaghetti)  

 Slippery, waxy, water-repellent surface  

- non- reactive side groups 
 
 

UHMWPE (white part) in a knee implant 
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Poly(propylene) 

 2nd most widely produced 

 Similar to PE, only that one of the H has been replaced by a different group (-CH3 = methyl (hydrophobic)) 

 Properties 
- Translucent  Good, so that when you inject it you can see how much you are injecting 
- Chemically resistant 
- Tough  PP is an excellent choice for permanent sutures  
- Heat resistant 

 
 For all the polymers (besides PE) there is a tacticity of the polymer, 
that is quite important for its properties  = Chemical term related to 
the handiness of the molecule  Depending e.g. on the side the 
methyl group in PP ends on, we will get different properties 

- Isotactic (PP)  Methyl all on 1 side  
- Syndiotactic (PP)  One left, the next right 
- Atactic (PP)  Random  These polymers assemble less than 

the other types 
 All polymers can have these different form 

 
Poly(vinyl chloride) 

 3rd most widely produced 

 1 of the H is substitute with a Cl  Gives flexibility 

 Properties 
- Flexible 
- Sterilizable 
- Transparent 
- Chemically-resistant 

 
Poly(methyl methacrylate) 

 It has very good optical properties  Key property = Optical transparency 

 Properties 
- High refractive index  
- Easily processed  
- Environmentally stable  
- Relatively inert  
- Good mechanical properties 

Poly(tetrafluoroethylene) (PTFE) 

 H are replaced with F 

 It repels water  Fluorine atoms of PTFE prefer their own kind; They 
draw to each other, while repelling any other kind of molecule 

 They are not good for implants, but very good for medical devices, that 
do not have to be incorporated in the body 

 = Teflon 
 
Polysiloxanes 

 Elastomers, sealants, coatings 

 Very high oxygen permeability  

 Applications: Breast implants, Drug delivery  
 
Crystalline vs. Amorphous structure 
 Amorphous region = softer + better access to water 
 Crystalline region = stiffer + exclude water 
 
METALS 
 We are in the transition metals regime of the periodic table 
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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  

 Delocalized, outer valence electrons relatively free  

 Atoms are surrounded by a “gas” or “sea” of highly mobile electrons  Difference 
from covalent bond in polymers  Are responsible for 
their properties 

 
Common lattice structures of metals 

 Depending on the type of element, we will have different 
packings:           

 

 Regular arrangement of atoms into densely packed slip 
planes  Different element have different lattice structures 

 
 
 
 
 
 
 
 
 
 

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

 Mechanical properties of implant metals depend on chemical composition and processing history  

 The strength of a metal depends on the ease, whit which dislocations 
propagate 

- Ductility = Biegsam 

 Movement of dislocations stops at the grain boundaries 
 Cold working (= without heating it up) leads to stiffer materials, 
because the defects within the metal would increase  Increase in 
the tendency of something to stop the movement 

 
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  

 
The most common implant metals are alloyed: 

 Stainless steel  Iron/carbon with chromium, nickel, molybdenum 

 Titanium with nickel, vanadium 

 Cobalt chromium with molybdenum 
 Have improved strength and corrosion resistance 
 
Metal Alloys (Solid solution strengthening) = combination of metals 
Alloys make the perfect lattice less perfect  Lesser movement = stronger metal 
Solid solution strengthening: 

 = Putting alloy atoms into the lattice to strengthen the structure of the metal 

 Alloys can be put interstitially and/or substitutive to the pure metal             

Ductility is based on the fact that 
crystals slide past each other. The 
more grain boundaries, the higher 

the material strength. 
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Cold rolling = best way to increase the properties of a metal  Metal is going to be very stiff 
 
If the stiffness is too high for the application, there are ways that you can treat the metal to make it softer + more 
ductile  
 
Annealing: 

 = Process, that makes the metal bend a little bit 

 If the annealing is above the crystallization temperature, it will allow 
the grains to reform 

 Depending on the temperature the annealing is being done, you can 
vary the size of the grains  The higher the temperature of the 
annealing process, the softer the material becomes + more ductile, as 
the atoms can slip past each other ( Grain boundaries are hit less 
easily)  

 
Effect of alloying and processing on strength and stiffness 

 Titanium: If we add alloying atoms (6% Al, 4% V)  We got something stiffer 
+ more brittle ( If too bridle you can anneal it) 

 Cobalt chrome  Increased strength in the material 

 Stainless steel  The more % cold worked, the stiffer the material will get 
 If it becomes too strong, you can anneal it 

 With these techniques, we will get a material that is more similar in stiffness and 
deformity to bone (= aim of the process)  

 

Comparison of implant metal properties 
 

 Pure titanium is not often used 
 
 
 
 
 
 
 

 
 
CERAMICS 
Ceramics for biomedical applications 

 Ionically bound atoms  

 Electrically/Thermally insulating  Because they do not have the sea of mobile electrons 

 Corrosion resistant  

 Strong, hard, wear-resistant  

 Brittle, danger of catastrophic failure!  

 Have ionic bonds 

 Ceramics have alternating charge of an ionic structure  If you apply load to the ceramic lattice, all the 
bonds have to be broken (= a lot of force needed)  There is no slip dislocation, because this would lead to 
neg. and neg. or pos. and pos. near to each other  resistance 
 This is why this material undergoes a very rapid failure with little ductility 

 
 Ceramic heads of hip implants have AL2O3 

 
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 thefore 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.»  

 

Numbers are not to remember 



Materials and Mechanics in Medicine  Jennifer Rütsche HS20 

 10 

 Bioglass is inspired from the ratios of the components in the body  No rejection when implanted because same 
ratios as in the body 
 Better ancoration in the body, if the implant e.g. in titanium is coated with hydroxyapatite 
 
 
 

2.2 IMPULSE LECTURE: INTRAOCULAR LENSES 
Cataract  

• =Opacification of the lens  
• Caused by  

- Age = elderly patients more often  Main cause 
- Trauma 
- Hereditary  
- Medication  

- Diseases  
• Symptoms 

- Slow, painless visionloss  
- Blurred vision 
- Foggy sight 
- Double vision  
- Halos  

• Therapy = Surgery 
- Removal of the clouded lens  
- Implantation with a clear artifical lens   
- Safe  Performed in an outpatientsetting  so that the patient can go home 

after the operation 
- Rare complications: Infection, Bleeding, Retinadetachment 
- 2 main procedures used nowadays: 

 ECCE  Extracapsular extraction  Used if the cataract is very thick 
 Phako (= Phacoemulsification):  Small incision in the eye  Cataract 

destroyed with ultrasound 

 Most common technique  Most common surgical 
procedure in the world 

 Minimal invasive  Small incisions (2 mm) 

 Ultrasound 
Intraocular lenses (IOL) 

 Treat refractive errors produced by extraction of the lense 

 Composed of optic (central part) and the haptics (side structures)  

 First implemented 1949 
- Before 1949 aphakic and correction with high hyperopic spectacles  

 What we expect in these lenses: 
- Clear lense 
- Good biocompatibility 
- No posterior opacification  
- Foldable (1.4-2.4 mm)  The smaller we can fold the lense, the smaller we can do the incision 
- Stable  Should not move around in the eye 

 
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 
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- Optic edge design 
- Lens surface properties 
- Haptic-optic combination 
- Less important features: characteristics of the host; surgical technique 

 
Posterior opacification: 

 Most common complication of cataract surgery  
- Called “secondary cataract“  

 Migration, proliferation and differentation of lens epithelial cells  
- Posterior capsule  

 20-50% of all patients within 2 to 5 years of cataract surgery have this 

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

 
Materials 
PMMA: 

 Polymethyl methacrylate 
- First implemented material  

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

 Disadvantages  Reason why today it is not used anymore 
- Rigid and not foldable = large incision necessary  
- Interolerance to high temperature and pressure  

 
Silicone: 

• Made out of a siliconepolymere  
- Designed for smaller incisions  

• However, not suited for microincision surgery  
• Advantages 

- Very clear lense 
- Low rate of posterior opacification 
- Low rate of cell ingrowth (inflammatory reaction)  No overgrowth, that happens in some patient with IOL 

• Disadvantages 
- Very abrupt opening in the anterior chamber 
- Bad handling when wet 
- Adharent to silicon oil 
- Favors bacterial adhesionHigher risk of postoperative infection 

 
Acrylic: 

 Chemical substances with acrylic group (CH2=CH-COR)  
- Hydrophobic vs. Hydrophilic 
- Measure of materials tendency to seperate 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  

- Disadvantages 
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 Glistening  

 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  

 
Future 

 Light adjustable IOL 
- Allows post operative changes in IOL power  

 Outcome is not always predictable (inacurrate refrection, unpredecitable lens position, 
wound healing)  

- Photochemistry and diffusion  

 Acommodative 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  

 
 
 

3.1 BIOMATERIALS II 

 
Biodegradable Polymers 

- Application: drug delivery 
 
Drug Delivery 
 

 Minimum effective concentration   below it the drug is not effective  

 Maximum effective concentration   above it the drug is toxic 

 Concentration should always stay between those limits 

 Solution: sustained release drug  still not the perfect solution but 
concentration will be longer in the right field 

 Ideal solution: zero-order controlled release  release is not time-dependent, mostly not achievable 
 
Recognize drug names 
 

 - mab = monoclonal antibody 

 - nid = inhibitor 

 - vir = antiviral (Remdesivir) 

 - one = cortisone (Dexamethasone) 

 Often they have 2 names ( 
- 1st one trade name 
- 2nd one generic name 

 Most important thing to distinguish drugs is  
- Molecular weight 
- Class it belongs to 

 
Order of magnitude 

 Small molecule (435 Da) 

 Fusion Protein (115 kDa) 

 Monoclonal antibody (144 kDa) 
 
 

 

Combination of PolyHEMA (right 
part) and PMMA (left part) 
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Is my drug hydrophilic/hydrophobic polar/non-polar? 
 

 You need to know what it is soluble in 
- Soluble = hydrophilic = polar 
- Not soluble = hydrophobic  = unpolar most of the drugs, better delivery 

 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 
 
Partition Coefficient, log P 

 Drug is put into a mixture of two immiscible solvents at equilibrium (here oil and water). Find out how much 
of the drug is in the oil phase and how much in the water phase. This ratio is therefore a comparison of the 
solubilities of the solute in these two liquids. 

 

𝑙𝑜𝑔𝑃 = log
[amount of drug dissolved in octanol]

[amount of drug dissolved in water]
 

 
Log P = 1 means 10:1 Organic : Aqueous  (hydrophob, drug found in organic component) 
Log P = 0 means 1:1 Organic : Aqueous 
Log P = -1 means 1:10 Organic : Aqueous (hydrophilic, soluble in water) 

 
Types of drug delivery 

 
 
 
→ drug released all at once upon polymer degradation 
 
 
→ drug entrapped into innercore, core is hydrophobic and protects the drug 
 
 
→ Mizellen 
 

 
How to form: Hydrophobic polymer + drug SINGLE EMULSION 

1. Take drug + Polymer and dissolve them in an organic solvent.  
2. Pour the organic solvent in a mixture of aqueous solution (needs to 

have an emulsion unit) and spin it  aqueous  solution contains water 
soluble polymer  

3. Droplets will form 
 
Bsp. of water soluble polymer: Poly vinyl alcohol 
 
 
How to form: Hydrophilic Drugs/Hydrophobic Polymer «Water-Oil-Water Emulsion» DOUBLE EMULSION 
 

1. Dissolve drug in aqueous solution 
2. Pour into solution of polymer 
3. Droplets will form 
4. Pore droplets + solvent in another aqueous solution 
5. Formation of microparticle 

 
 
 
 
 
 
 

https://en.wikipedia.org/wiki/Immiscible
https://en.wikipedia.org/wiki/Partition_equilibrium
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Polymer Requirements for Drug Delivery  
 Safe for clinical use  

 Degrade into non-toxic products  

 Tunable degradation rate (days – months)  sustained release 

 Biocompatible 
 
Most used Polymers 
 

 Polylactic acid (PLA) and Polyglycolic acid (PGA)  
- Breakdown products are natural metabolites  
- Copolymers yield range of useful properties  you can combine them 
- Safe (long experience with Vicryl sutures) 
- PLA slightly more used than PGA 

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

Degradation 
happens in water 
 

 
 
 

 

 Properties of PGS, PLS, PGLA 
 

 
The amorphous structure degrades 
much faster than a crystalline one 
(PLA), because water infiltrates 
easier. 
 
Amorph ="formlos" oder "ohne 
definierbare Gestalt". In 
der Chemie bezeichnet man alle 
nicht kristallinen Substanzen als 
amorph 

 
 
 
 
 
 
 
 
 

How to test Biocompatibility 
 

 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 

 

https://flexikon.doccheck.com/de/Chemie
https://flexikon.doccheck.com/de/Kristallin
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Biocompatibility Tests (Tests have to follow the ISO standards) 
 

 Extract test 
Function:  
1. Put medical device into solution 
2. Let it extract 
3. Take extract and add itit on cell culture 
4. Test if cell are alive (non-toxic) 
5. Color transformation in living cells (purple = viable cells) 
 
Extraction Vehicle (6 cm2/ml): 
(a) culture medium with serum  
(b) physiological saline buffer  
(c) pure water or dimethyl sulfoxide (DMSO) \0.5%  
 
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 

 
 

 Direct contact test 

 
 
 
Function: 
1. Put device on top on cells 
2. Incubate cells 
3. Test viability of cells with an assay 
 
Put sample on cell >10% cell area and measure cell viability 

 
 
 
 
 

3.2 IMPULSE LECTURE: ORTHOPAEDIC IMPLANTS 
 
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  
- mental conditions 
- compliance  
- additional risk factors  

 
 
 



Materials and Mechanics in Medicine  Jennifer Rütsche HS20 

 16 

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

 Acetabular shells: 
- Cementless 
- Cemented 

 

 Femoral stems 
- Cemented 
- Cementless 

 
 

 Bearings (who bears all the load) 
- Hard-soft 
- Hard-hard (for active patience) 

 
 
 
 
 

 
Which material properties are important? Why do implants fail? 
 

 Failure: Debris, bearing failed, Fractures of ceramics, Malalignment, Loosening, protrusion 
 

 Bone properties: 
- “living” material  
- 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) 

 

 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 (youngs modulus) closer to cortical bone – titanium alloys  
- Tapered design for initial mechanical lock  
- Rough surface increases contact area to the bone 
- Rough surface increases friction for primary stability  
- Rough surface provides scaffold for bony ingrowth for secondary 

stability  
- Hydrohyapatte (HA) as accelerator for healing mechanism 

 

 Bone Cement 
- chemically is nothing more than Plexiglas (PMMA)  
- 2 component material (a powder and a liquid), available in different viscosities or w. antibiotic loading 
- hardening in an exothermic polymerization process, heating up around 82-86 °C 
- not a glue, has no adhesive properties and no bonding to implant  (no sticking of implant to the bone) 
- 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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 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  
- no rough surface to prevent cement abrasion 

 
 

 Bearings 
 

- modular parts, which form the mobile joint  
- needs to provide safe connection to implanted components  
- needs to offer different variants for finetuning 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 

- crosslinking of polyethylene (PE ->XLPE): 
 standard bars of polyethylene are like wowen spaghetti. Then irradiating them at room 

temperature cracks them into little pieces. Free electrons pairs find another together and 
become solid material. Not all electrons find each other: to remove the free radicals 3 
methods (sub-melt annealing, remelting the plastic, add Vitamin E as an antioxidant). 
Machine the parts and make the implant. Sterilize without radiation or you start from the 
beginning 

- surface hardening technologies 
- coatings: Titanium Nitride 
- ceramizing metal: Oxinium 

 
 
Implant component properties that have to be followed 

 Chemical composition:  
- biocompatibility  
- corrosion  
- material properties (stress/strain)  
- machinability (forging/milling/polishing) 

 ISO standards + ASTM International gives in detail what is allowed and what should be used 
 
 
 
How to influence mechanical properties? 
 

 Its easier to change in your manufatoring process than utilize a new material ($$$) 
 
 
 
How are they manufactured? 
 

- Forging (schmieden) and casting (giessen) 
- Milling (mahlen)forging 
-  metals and plasting 
- Surface coatings 
- Additive Manufacturing 
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Sterilization Process 
- Gamma irradiation  killes all microorganism 
- Ethyline oxide EtO  poisonous gas attacks microorganism and nucleic acid  

 
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 
 
 
 
 

4.1 TISSUE ENGINEERING 
 
Main Problem: Shortage of organs available for transplantation 
 
 
Three pillars of tissue engineering (needed to be called so): 

1. Alive cells (skin, bone, stem cell,.. multi- or totipotent, autologous or allogenic)  
2. Matrix/scaffold (natural or synthetic) 
3. In vitro cultivation techniques (bioreactor, biological signals) 

→ All 3 are needed. Aim to mimic the dynamics of body environment. 
 
 
Complexity of tissue engineering 

 Flat tissue structure: cartilage is the easiest (thin, no vascular system), skin you don’t need to open up  
the patient, no need of imminent vascularization 

 Tubular structure: thin flat structures just rolled up, no diffusion problem 

 Viscue Structure:  complexer  

 Solid organs:  high complexity in number of cells, high density 
 

 Not possible yet to engineer a whole organ: ~tissue approaches 
 

 
 
 
 
 
 
 
 
 
 

Three pillars       Complexity 

 
 
 

Tissue Engineering’s Goal:  Construction of living, functional components for regenerating  
malfunctioning tissues  
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4 tissue types 
 Connective  – Bone, cartilage, fat, fibrous tissue (MECHANICAL SUPPORT)  
 Epithelium  – Lines the inner and outer surfaces of the body (COVERING)  
 Nervous tissue – Conducts electrical signals (COMMUNICATING)  
 Muscle  – Produces mechanical force by contraction (MOVING) 

 
 
Connective tissue: 
= “All types consist of collagen fibers embedded in a polysaccharide gel” 

 
 
- Cells surrounded by fibrous tissue 
- Orientation of fibers becomes obvious 
- Supporting function because of ECM secreted by the cells 
- Main Function of the cells is to produce the ECM 
 
 
 
 

 
Epithelial tissue 

- Epithelial cells need to have an orientation, given by the basallamina (blue) 
- No space between cells (bc of junction)  function of building a barrier 
- Cells differ in shape, layers, morphology 
- Function in secretion, absorption, excretion  
- Tight junctions between cells  
- Single or multiple layers of cells  

- Free apical surface – facing internal lumen or external surface  
- Cells rest on basement membrane  
- Avascular 

 
Muscle tissue 

 
 
 
- Hierarchic structure 
- Tissue within a tissue: not pure muscle, series of other tissue that maintain  
 the tissue (nerves, vascular tissue, connective tissue) 
- Lot of different cell types 
- Ability of regeneration  
 
 

 
Nerve tissue 

 
 

- Also hierarchical structure 
- Vasculature, connective tissue (Endo-, peryneurium) to take in 

consideration 
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Cell sources 
 

 Autogenic/Autologous: 
- Cells from the patient 
- No immunological response 
- Scarce (you can’t take too much of them) 
- Expensive (manufacturing practise) 

 

 Syngenetic: 
- Cells between genetically identical individuals (twins) 
- Not common 
- No rejection 

 

 Allogenic: 
- Cells from a unrelated human donor 
- Common 
- Chance of rejection  
- Risk of disease transfer 
- Advantage: available from young donor (a lot of regenerative potential) 

 

 Xenogenic: 
- Cells of a different species (pig) 
- Tissue to be decellularized 
- Large chance of rejection  
- Transfer of animal disease to humans 
- Unlimited supply 

 

Differentiated Cells vs. Stem cells 
 

 Primary cells (differentiated)  
- Low proliferation potential (by tuning extracellular 

environment or giving GF force proliferation) 
- Tendency to de-differentiate (loss of features) 
- “Donor-Site Morbidity” (problem In healing process of 

the site the cells are taken from) 
 

 Stem cells (non-differentiated)  
- Adult, embryonic, induced pluripotent (iPS)  
- Can divide indefinitely  
- Scarce, Ethical issues 

 
 

Induced pluripotent Stem Cells 
 
  → autogolous 
→ not supersafe, bc it requires genetic manipulation 
 
 
 
 
 
 
 

 
 
 
 

Bsp.: Differentiated Cell Types (+ 200) 
Connective Tissue Cells– Fills space and provides structural 
support  
Epithelial Cells– Lines cavities and surfaces, often with cilia, 
secretion, barrior 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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Scaffold  
 
Criteria 

 Network of large interconnective pores (100 um)  
- allows cells to migrate through the scaffold  
- allows diffusion of nutrients  
- allows growth of new blood vessels (angiogenesis)  

 Mechanical Stability (100 MPa) 

 Biocompatibility  

 Degradability 

 Connectivity 
 
Commonly used Degradable scaffold 

 Natural based polymers  
- Collagen, fibrin, alginate, hyaluronic acid  

 Synthetic polymers – 
- PGA poly (glycolic acid)  
- PLA poly(lactic acid)  
- PLGA  
- PCL poly (caprolactone) → can undergo hydrolysis 

 
Resorbable Scaffolds  

 Scaffold is eventually 100% dissolved  

 Dissolution products are safely metabolized  
 Degradation of scaffold matches rates of growth 

 
 
 

 
If Scaffold degrades too quickly, it will have a window where the 
product has not enough sufficiencies anymore 
 
Lag before loss starts in biodegraable scaffold 
 
Remodelling of tissue engineering transplant will be increasing 
 you reach a time where the scaffold has been degraded 
completely but the function has been assumed by the cells  
creation of a mature skeletal tissue in vivo (ideal) 
 
Process: 
1. Create Scaffold 
2. Static culture 
3. Dynamic culture 
4. Bioreactor 
5. Implantation (after ca. 15 weeks) 
6. In vivo 
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Methods to create Scaffold 
 
 

1. Porogen leaching Method 
 
Assumes that you take particles that are not desorbable in your polymer, 
they will be leached out in later stage. Common porogen that is used is salt 
crystals. Dissolve in organic solvent (won’t dissolve). Put in mold, (remove 
solvent), polymerize the polymer. Wash out the salt and you will obtain a 
spongy scaffold. By tuning the amount of salt you can tune the 
connectivity. 
 
 
 

2. Reverse Opal Method 
 
Allows to create a perfect scaffold with precise poresize. Generate 
gelatine microspheres with exact size (low poredispersity – pore all 
similar). Gelatine can melt, here you heat them so that they fuse 
together but not melt completely (so you can determine contact point). 
Backfill void space with polymer solution. The gelatine will than be 
melted away, and only the scaffold will remain. 
 
 
 
 

3. Cryogelation 
 
Crosslink the Polymer solution of Alginate using an 
initiator. A scaffold without porosity will be formed. 
Freeze it, ice crystals will be formed (in this process you 
separate water from the Alginate, what causes a local 
increase of the concentration of the polymer). Local 
concentration increase causes a more robust scaffold.  
Bring it to room temperature, ice will meld, spongy-
structure will remain. 
Cryogel Sponges are compressible. 

 
 

 
 

4. Electrospinning 
 
Produces a fibrous like structure with resembles the nature collagen matrix 
Polymer (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  
A lot of parameter that can be tuned to change thickness of the fiber: 
 σ: conductivity, η = viscosity, α =relative volatility,  φ = humidity 
Really tightly packed. 
 
“Cryo”- Electrospinning allows to create a scaffold that is less dense: you spin in 
the presence of dry ice.  While you spin Ice crystals will be formed, which force 
scaffold porosity. 
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Environment: If pores are very large, the cell will think that it is in 2D and not in 3D.  A cells should have Signals from 
all three direction and not artificial polarized. 
 

Hydrogels 
 
Hydrated environment, which contains many of the signals a cell needs. Mimic ECM in a better way than PLA. 
 
Signals: 

- Cell-cell contact 
- Cell-adhesive matrix ligands 
- Matrix mechanics 
- Heterologous cell interactions 
- Matrix degradation 
- Cell-secreted factors 
- Matrix micro- and nanostructure 

 
Modify interactions with environment: 
 

1. Cell-Cell adhesion: Cadherine 
- Ca 2+ dependent receptor 
- Interact with same receptor on other cell 
- In the presence of calcium, dimers of Cadherine form and bind with dimer of another cell, when calcium is 

removed, the connection breaks 
- Used in TE because often you have not enough available cells, and cells behave different if they are alone or 

amongst other cells → you can trick cells by inserting HAV peptides into the scaffold, which mimic Cadherins  
 

2. Cell-matrix adhesion: Integrins 
- The peptide GFOGER mimics Collagen ( in a PEG hydrogel) 
- Cells can’t interact with hydrogel normally 
- The presence of the GFOGER peptide allowed cells to spread and proliferate compared to unmodified PEG 

→ Convince the cell it is in a collagen matrix 
 

3. Soluble Growth Factor Signalling 
- Create a hydrogel full of GF needed for regeneration 
- Methods to entrap GF: 

o Physical entanglement due to small pore-size 
o Encapsulate GF in microgel beads, release by emulsion 
o Chemically cross-link GF 
o Not cross-linked, but “bound” by Electrostatic interaction (Heparin) 

- Common GF: 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) 

 
 

4.2 IMPULSE LECTURE: CULTIVATED MEAT 
 
What is cultured meat?  
Cultured meat is meat produced by in vitro cell culture of animal cells, instead of from slaughtered animals. It is a 
form of cellular agriculture. Cultured meat is produced using many of the same tissue engineering techniques 
traditionally used in regenerative medicine.  
 
Used name: cultured meat, lab-grown meat, synthetic/artificial meat, in vitro meat, clean meat,… 
 
Why? :  

- Current meat production is NOT sustainable 
- Reduce green-house gases (global warming) 
- Reduce animal cruelty 
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How it works: 
 

1. Small biopsy is taken from the animal 
2. Muscle stem cells are extracted from the animal tissue 
3. The muscle stem cells are cultivated in a bioreactor, where they are differentiated into 

mature muscle cells and multiplied to commercial quantities 
4. The muscle cells are removed from the bioreactor and grown on scaffolds under tension, to 

form strips of muscle coiled muscle fibers 
5. The newly grown muscle fibers are ground up and combined with plant based ingredients 

such as flavouring, coloring and vitamins to created minced meat  
 

Challenges: 
- Cost    - Regulation 
- Media    - Socio-political 
- Technology   - Consumer acceptance 

 
 
 

5.1 TISSUE ENGINEERING II 
 

 CARTILAGE ENGINEERING 
- Flat organ  
- Only has one cell-type 
- Coating of skeleton in articulation 
- Catilage gets destroid by mechanical or inflammatory injuries  
- Athletes also ruin their cartlage by high impact load 

 

 Histology 
- Thin tissue (3 mm) 
- Low cell density (610 cells /ml) 
- Chondrocytes 5-10% 
- ECM 20% 
- Water 70% 
- No blood supply (low oxygen tension, poor healing) 
- Function: support weight, provide lubricative surface 
- No mechanical function  connective tissue 

 

 Treatments:  
 

1. Mosaicplasty 

Extraction of osteochondral plugs which are then inserted into the cartilage 
lesion. Allows early weightbearing, but causes «donor site morbidity». 
Make holes into cartilage and remove cilinder from non-weight-bearing areas of 
the joint and implant them into the defect. 
 
Advantage: Autologus procedure, cartilage is already mature 
Disadvantage: destroying good part of the joint 
 

 
 

2. 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!  
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To bring cells into the lesion, make holes, chondral progenitors will migrate up from the BM form a clot and 
transform into cartilage. Blood will infiltrate as well. 
 
Advantage: Autologus therapy, easy and cheap (very common treatment) 
Disadvantage: Stem cells don’t know exactly what tissue they should form and could form became scaring 
tissue (bad failure rate) 
 
 

3. Autogolous Chondrocyte Implantation (ACI) - Novocart 
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! 

 
Advantage: autologous therapy 
Disadvantage: expensive, risk of dedifferentiation (loss of key essences), expensive 

 
→ this is 3rd generation, 4th one would use iPS or synthetic scaffold,…. 

 

 
 
 
 

 SKIN ENGINEERING 
- The furthest just because researches started earlier 
- Skin cells are easier to grow 
- Easier to apply because less invasive 
- Main clinical reason: burns 

 

 Histology 
- 3 layers (hypodermis, dermis, epidermis) 
- Cells: Keratinocytes, no space between them (tight junction) 
- Protective function 
 

 Treatment 
Skin biopsy is taken and sent to the lab. The layer between Epidermis and 
Dermis is broken down enzymatically, so that the 2 skin 
layers separate. The individual skin cells are grown in 
culture media. Fibroblasts and Keratinocytes are applied 
to a gel-like fibre framework. In the incubator, a 
transplantable skin develops from this. 
 
4 cells of interest:  
Fibroblast and Endothelialcells from Dermis 
Melanocytes and Keratinocytes from Epidermis 

Mortality prediction of burn patients 
Ltere haben fast keine Chance, Kinder nur 
leichte Sterberate. 
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Difficulties:  
Fibroblast belong to connective tissue while Keratinocytes belong to epithelial tissue → Can’t just mix them 
Matrix is seeded with Fibroblasts to form the dermal layer and then Keratinocytes are sprayed on top, where 
they can form the tight junction (barrier function) 
 
Outcome: 
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 
 

→ Including endothelial cells together with the fibroblast in the dermal layer leads to a prevascularisation 
(allows host vasculature to connect to the human graft) 
→ Melanocytes needed to recover skin pigmentation 
 
 

 PANKREAS ENGINEERING 
- After Diabetes mellitus 

 

 Treatment: implantable device 
- Replaces non-functional Islets of Langerhans  
- Donor islets are embedded in a sheet to prevent host rejection, insulin can diffuse toward outside 
- Islets can sense glucose levels and secrete insulin  
- Sheet is thin so that oxygen diffusion can maintain cell viability 

- Alginate: material used to protect (encapsulate) the islets 

- Alginate is a solution, which forms a gel when it gets in contact with Ca2+ ions (the more ions, the more 
gel) 

- Porosity sufficient that the glucose can diffuse in and the insulin out 

- 2 gelation methods: 
 CaCl2: fast, uncontrolled, non-homogeneous, hard shell softer core (based on diffusion) 

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

 

 
 

- Crosslinking of Alginate is reversible!! It will return liquid when Ca2+ is removed 
- Alginate derives from marine seaweed, we do not have the enzymes to degrade it = more stable 

 
 

 
 

5.2 IMPULSE LECTURE: SCARAVOID 
 

Worldwide wound prevalence 
- 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.  

- Chronic wounds will increase drastically by 2025 (can’t heal by themselves)  

 Foam based products are projected to gain increased attention within the next decade  
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Wound healing process 

 
 

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

Excessive fibroblast to myofibroblast differentiation (production of more collagen) 
 scar formation 

 

ScarAvoid 
- stimulates correct skin regeneration (via controlled internal porous scaffold structure)  
- prevents scar formation (via release of curcumin as an anti-scarring agent) 

→ fill wound with foam, loaded with curcumin (drug) 
 
 

 
 
 
 
 
 
 
 
 
 
 
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  

Requires optimisation of:  
-  Temperature window à Tm of P4HB: approx. 60°C  
-  Saturation pressure  
-  Depressurization rate 

Control over the scaffold internal structure 
- Homogenous pores  

- Control over pore size:  

- Pore size ↓ when p ↑ 

- Pore size ↑ when T 

-  Interconnected pores 

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 
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Curcumin 

Prevention of fibroblast →  myofibroblast differentiation by curcumin (CU) 
- Defined curcumin (CU) with concentrations can reduce TGF-β1 induced differentiation of fibroblasts 

into myofibroblasts  
- No harmful effect of CU below a defined concentration 

Loading of the P4HB foam with CU via mixing prior to foaming with sCO2 
- Foaming possible  

- Homogenous distribution  

- No phase separation 

Long term curcumin release should occur upon scaffold degradation 
- 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 

The released curcumin should counteract myofibroblast differentiation 
- Cumulative extracts (3 days) are not cytotoxic  
- Extracts are able to counteract differentiation of fibroblasts to myofibroblasts 

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)  
- Curcumin loading show a strong anti-inflammatory effect  curcumin remains active in the scaffold! 

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) 

 

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 (up to D%wt) into P4HB foams  

- Curcumin loading and release from the scaffolds show a good correlation  
- Continuous release of curcumin parallels the scaffold degradation  
- Loaded curcumin retains anti-scarring and anti-inflammatory effects  

- Curcumin-loaded P4HB degrades in vivo (rat model) and reduces scarring  
 great promise for a future application 

 
 

6 ADDITIVE MANUFACTURING (=3D PRINTING) OF METALS 
 
What is additive manufacturing (=AM) 

- 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. 
 

- First on digital level, than physical process:  
3D model is created on computer, transfered 
to a software and cut in slices, this model will 
be used to control the machine -> deposited 
layer by layer 
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 Substractive (conventional) manufacturing 
 
 

From strating metal you cat out everything you don’t need. 
Results in a lot of waste. 
 
 

 

 Additive manufacturing 
 
Use amount of material you need for your object (dust who 
will be consolidated). Almost no waste. 
 
 

 
 For metals, we do not really use 3D printers, but full-size machine tools 

 
 

Machines 

 Laser powder bed fusion (L-PBF) (=selective laser melting) 

- Mechanism: a powder reservoir is deposited on a built plate. 
The material is consolidated using fast scanning lasers. After 
one layer is consolidated, it is put down a little bit and new 
powder is deposited on the built plate. Continued until the 
part is ready. 

- Most widely used 

- Specifications:  
 Part sizes (mm3): 50x50x50 bis 800x400x500 Precision:  xy (Ø laser beam): 50 – 180 µm / z 

(powder layer thickness): 20 – 100 µm  

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

- Advantages: 
 Comparably high precision  
 Comparably large selection of materials 
 Prozess interrupt/re-start possible  
 Printing of intricate geometries possible  
 Comparably low investment 

- Disadvantages: 
 Relatively slow process  
 Residual stresses  
 Support structures for angles <45° required 
 Usually pronounced postprocessing required (removal supports, heat treatments etc.) 

- Applications: medical technology (ex. hip or skull implant) 
 
 

 Electron beam melting (EBM) 

 

- Mechanism: Electron beam melting is similar to laser melting, 

but working with an electron beam instead of a laser. The 

machine distributes a layer of metal powder onto a build 

platform, which is melted by the electron beam. The build 

platform is then lowered and the next layer of metal powder will 

be coated on top. The process of coating powder and melting 

where needed is repated and the parts are built up layer by layer 

in the powder bed. One laser beam going back and forth. To 

prevent powder to fly away (because it is charged), the powder is pre-consolidated.  
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- Specifications: 
 Part sizes (mm3): bis 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  
 Power: 5-30 mA @ 60 kV  
 Processing atmosphere: vacuum 

- Advantages:  
 Fast  
 Low thermal stresses  
 Low degree of impurities  
 Relatively high precision 

- Disadvantages: 
 Extensive pre-/post-treatment  
 Limited materials selection  
 Limited size of build chamber  
 Little competition on the machine market expensive 

- Applications: non biomedical application, prototypes, support parts (fixture, helps), rough surface 

 

 3D binder jetting 

 

- Mechanism: A binder jetting machine will distribute 
a layer of powder onto a build platform. A liquid 
bonding agent is applied through inkjet print heads 
bonding the particles together. The build platform 
will be lowered and the next layer of powder will be 
laid out on top. By repeating the process of laying out 
powder and bonding, the parts are built up in the 
powder bed.  

- 2 reservoir: material (metallic powder) and binding 

agent (Stützmaterial). The two are mixed by squeezing the material through nozzels. Afterward you 

have to get rid of the binding agent. 

- Specifications: 
 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 

- Advantages: 
 Rather low investment  
 Large selection of materials  
 Relatively high precision and good surface qualities 

- Disadvantages 
 Material incorporated as particles in a paste or ink chemistry  
 Printing, de-bindering and consolidation in different steps  slow  
 Pronounced shrinkage after consolidation; difficult to control in complex 3D parts 

- Application: prototypes, casting patterns, molds and cores 
 
 

Conventional manufacturing vs. AM 

 Economical aspect 
Conventual manufacturing:  The more complexer   the more  
    steps it takes  the more expensive 

Additive manufacturing:   costs are the same, no matter how  
    complex it is 
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Prize per part goes down the more parts you produce, expensive for low part numbers. In Additive 
manufacturing “doesn’t” matter how many parts. 

 

 Energy consumption 
AM uses Lasers but doesn’t have significantly higher energy consumption than conventional manufacturing 

 
Demands for AM powder 

- «good» flowability, no agglomeration  homogenous or agglomeration 

- High density  no pores or gas layer  

- High permeablity (gas must be able to escape from the cavities inbetween powder particles)  

- 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 

 
 

 

How do we make a metal powder for AM? 

 Gas atomizytion 
- Alloy is molten in a crucible (ceramic containers) 

- Atomization with inert gases (Ar, N2) under high pressure  
- Solidification during flight in vessel  
- Particle geometry, microstructure and composition of powder determined by 

process gas 

- Spherical particles, relatively broad particle size distribution 

 Mold material is squeezed with high pressure through nozzles (like water in 

shower head). Metallic droplets come out and solidify during the flight.  
 
 

 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) 

 Container free metal melting: use titanium wire, 2 plasma torches from the side 
melt the tip of the wire (for PIGA), use an Induction coil instead of titanium (for 
EIGA). Droplets solidify during flight. 

 

 

 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 

(<1μm) possible  
- Powder morphology influenced by use of additives 

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

 Mechanical method. Put Junks of the material (also more element at the 
same time) into a rotating drum, which contains steal and ceramic balls. 
Rotated for 15 min. Material is crushed by rotation.  Mechanical milling 
(mahlen) 
 

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) 

 

Definition of flowability 
: the capacity to move by flow 
that characterizes fluids and 
loose particulate solids 
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Powder – 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  

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

 The temperatures can reach very high values >2000°C 

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

 

Metals used for biomedical application 
Austenitic stainless steel (Iron alloys)  (CrNiMo)  Hip joint, surgical tools, screws 
Cobalt alloys (CoCr)      Artificial valve, plates, bolts, Crowns, knee joint, hip joint 
Titanium alloys (Ti)       Screw and abutment, Artificial valve, stent, bone fixation,  
          Crowns, knee joint, hip joint, Crown, bridges, dentures, implants 
NiTi shape memory alloy      Catheters, stents 
 

 AM of Titanium alloys 

- Pure titanium metal undergoes an allotropic transformation that changes the crystal structure from 
the α-phase to the β-phase at about 885 °C. An allotropic transformation simply means the crystal 
structure changes when the material is heated above or cooled below a critical temperature. 

- Ti has a high affinity towards oxigen and nitrogen (high reactive) 
-  At room temperature, Ti forms a thin but stable oxide layer (4-7 nm)  Responsible for excellent 

corrosion resistance  
- The oxide layer grows at elevated temperatures (>300°C)  
- At very high temperature and melting  penetration of oxigen(nitrogen) into the matrix and 

significant alteration of material properties (embrittlement) 
 Processing in vacuum (EBM) or high-purity shielding gas (Ar, He; SLM/LMD) necessary! 

- Applications: lumbar interbody system, cranio-facial implants, personalized hip implant 

 
Properties and typical processing defects of AM 

 Support structures  
Support structures between SLM part and build plate often required 
Aufgaben : 

- Simple removal of part from build plate  
- Support for overhangs <45° 
- Stabilisation of part against warpage 
- Heat conduction into build plate (prevent overheating) 

 

 Surface properties 
- AM parts usually exhibit a pronounced surface roughness 

- Roughness determined by powder particle size  
- Optimisation of surface quality by using different build parameters for contur and core  
- Post-treatment (milling, grinding) possibly required, depending on application 

 

 Thermal cracks 
- Heated material expand, cooled material contracts 
- Expansion only in locally heated parts 
- Cooling down melted objects cause contraction  thermal stresses 

 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) 

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

 «Keyhole» porosity  
- Metal evaporation at too high energy densities (Verdampfen von Metall)  
- 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  

 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)  microstructure before and after are not the 
same 

- Thermal treatments affect the mechanical properties of AM parts 

- Critical parts undergo a hot isostatic pressing (HIP) process  

- 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  
 Orientation dependence of strength and ductility  

- SLM processed TiAl6V4 samples  
- Heat is always flowing down  directionality of microstructure 

- Tensile strength and ductility vary depending on the sample orientation  To be considered during 
design 

 
 

7.1 BIOPRINTING 
 
Definition: The use of 3D printing technology with materials that incorporate viable living cells, e.g. to produce  

tissue for reconstructive surgery 
 
Goal:   Create a scaffold more similar to the native tissue 
 
Examples:  Fused Deposition Modelling 
  Cheap method, adds plastic layer by layer (extrusion methos) 
  No need for support structure because transition phase from liquid to solid really fast 

  Powdered Printing 
  Polymer powder is added layer by layer 
  Either you sinter (unter erhöhtem Druck – erhitzt, wobei die Temperaturen jedoch unterhalb der  

Schmelztemperatur bleiben, so dass die Form des Werkstückes erhalten bleibt) the layer or you add 
a binder 

Stereolitography 
Pull structure out of bed of liquid polymer 

 
Bio-ink:  Combination of biopolymer gels and cells 
 
 
Types of Bioprinting  
 

 Scaffold-Free BioPrinting 
- No biomaterial, just made outof cells 
- Array of needle, the printing is placing balls of cells on the needle array 
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- Based on the fact that cells need to do quite some work to generate tissue 
- Takes some time ‘til you can remove the needles 
- Balls diameter: 300-400 microns 
- Good cell viability because cells are in contact with other cells (only few 

die from getting spiked) 
- Main application: solid organs with high cell density (not entire organ) 
- Many steps: 

 
 

 Extrusion BioPrinting  
- Needs to be able to support itself 
- Screening (testing) of Bioink:  

 analyse flow out of syringe 
 bioprint across pillar arrays, measure how distant the bioink can span 
 Rheometer: 2 test 

1. properties that allow the ink to flow through the nozzle (Shear 
Thinning) 
 Viscosity depends on Shear rate (↑ shear → ↓ viscosity) 

2. properties that allow the printed ink to recover and keep in shape 
(Shear Recovering) 

 

 Droplet BioPrinting  
- Not extruding a strand but droplets of bioink 
- Types: thermal, pizoelectronic (upon voltage), micro-valve bioprinting  
- You can have multiple droplets type (multicellular approach) 
- Lower cell density than extrusion method, but much faster 
 

Mechanism: 
1. deposition layer by layer upon 3D model 
2. need to wait few second to allow the droplets to  

fuse 
3. crosslink layer  
4. next layer  
 

 
 
crosslinking  
methods 

 

 
 
 
 

 Stereolithography  
- Container filled with transparent liquid  Polymer activatable by light 
- Requirement for the biomaterial: transparent, polymerization triggered by light 
- Stereolithography is based on liquid polymer precursors which are crosslinked by light, layer by layer 
- Layer exposure: 5-15 sec. 
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- Mechanism: Stereolithography is a laser-based technology that uses a UV-sensitive liquid resin. A UV 
laser beam scans the surface of the resin and selectively hardens the material corresponding to a 
cross-section of the product, building the 3D part from the bottom to the top. The required supports 
for overhangs and cavities are automatically generated, and later manually removed. 

 
- Two photon has higher resolution (not asked in exam) 

 
Applications: 

 Flat Connective Tissue (cartilage) - Extrusion Bioprinting 

- Property: shear thinning and shear recovery 

- Material: Gellan and Alginate 

- Undergoes cross-linking in Ca2+ presence 

- Viscosity is dropping with increasing shear-rate, what allows to flow easily through nozzle 

- Deposited material is not flowing because its shear recovery property 

 Tubular Blood Vessel – Extrusion Bioprinting 
- 2 relevant cell type: endothelial cells, smooth muscle cells 
- Use Coaxial Extruders: it’s a nozzle in a nozzle, allows to print 2 layers 

structure, which are hallow inside (leave space for cross-linker, and reflect 
vessel shape)  

- Also possible a Tri-Coaxial nozzle 

 Liver – Stereolithography 
- Print 2 cell types: endothelial cell, Hepatocytes; polymerize first one patter with one cell type, then 

wash it away, and replace it with the second cell type and polymerize it (complementary form), only 
then then next layer 

- Eliminates the nozzle and shear stress 
 
 

7.2 IMPULSE LECTURE: BIOFABRICATION OF VOLUMETRIC TISSUE CONSTRUCTS VIA 
LIGHT-BASED BIOPRINTING TECHNOLOGIES 

 
 

Limitation: After printing, no ways to go underneath without the nozzle breaking 
- Ex. woven pattern very difficult to create with extrusion methods, but much easier with light 

technology  Instead of thermoplastic material use photosensive material use UV light and not 
visible light to maintain cell viability 

 
By controlling the photoreaction, you can create perfusable complex channel and microvascular-like networks 
 
For Light projector:  Need ways to confine the reaction around the things you are 

illuminating  use biocompatible food dye  it partially absorb the light  no 
light diffusion outside  
 
[Combine:  Extrusion bioprinting + converged melt electrowriting (MEW)] 
DLP = digital light processing = stereolitography 
Large constructs, problems with time management cell loose viability 
 
From 2.5D-layers to 3D field-based manufacturing  volumetric bioprinting (see paper) 
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Laser light hitting micromirror, which flip on/off to create drawing (dynamic 
process) 
Light is reflected on polymer gel; the convergence of light projection  
overcome threshold of gelation only in the point where the object needs to 
create  
 

- Very quick       - Shape reliable 
- Smooth surface (good, except you need rough surfaces) - High viability of cells 
- Perfusable channels 

 
 
8 MECHANOBIOLOGY 
 

 Key ingredients in (tissue engineering and) regenerative medicine 
- Cells  
- Scaffold* 
- Bioactive factors** 
- Mechanics and physical cues (forces)*** 

 
[ 

*Biomaterials mimicking native tissue: 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. 
 
*Biomaterials that direct wound healing: 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 
 
** Mechanisms regulating cell behaviour 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.  
 
***Mechanics and biophysical stimulus 
Physiology adapts to stresses in the bones/tissue.  
Bsp. Leading arm of tennis player adapted to flexing of bones, tissue started to remodel: stresses and strain in 
tissue guided the deposition of new bones.  MECHANICS DRIVES BIOLOGY 
In absence of mechanical loading outcome of tissue grown in laboratory will be poor. 
           ] 
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 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 
behaviour. 

- Wound  inflammation  chemotaxis (recruitment of cells)  
differentiation and cell proliferation 

- Sensing shape, form and cells of the matrix cells know how to behave 
 
 
 

 ECM in wound healing: steps 
- (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) 

 Clotting  vascular response  inflammation  scar formation  epithelial 
healing  contraction  scar remodelling 

 

 ECM-Cell interaction 
- Physical contact between a cell and it’s local environment 

(‘matrix’) is a central driver of cell behaviour → 

- Different cues, different cell response: cell-cacle, migration, 
differentiation, apoptosis 

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

- The ECM (and its biomechanical properties!) inform biomaterials design for regenerative medicine 

- The ECM provides simultaneously 

 Biochemical cues 
 Biophysical cues 
 Which drive cell behaviour  

- Depending on the stresses different ECM structures are formed  Target: Mechanically effective 
structure: without mechanics you can’t reach that 

 
 

 Biomaterial designs 
- Design approaches try to mimic the ECM, by variating mechanical properties cell behaviour can be 

influenced 
- Variable parameter:  

 Cross-linking  Stiffness/ Density 
 Degradability 
 Elasticity 
 Fibre architecture 
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 Mechanobiology & Mechanotransduction: How cells sense mechanical signals and convert them to 
“downstream signaling pathways” (biochemical signals) 
 

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 signalling 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… 

 External matrix forces: shear stress, cyclic strain, stiffness, confinement, composition, topography 
 External matrix forces trigger various transmembrane sensors that activate or deactivate signaling chains. 

examples of how this works:  
1. Integrin activation  
2. Stretch-activated ion channels 

 

 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).  

 

 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 
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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. 
 
Take home message:  
- 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 

 
 

PRACTICAL EXAMPLES 
 

 Mechanics driven tissue healing – from initial scar formation to long term remodelling 
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.  
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 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 

 
 

- Too much fragment motion will cause high tissue shear strains, forcing the tissue to remain fibrous, and 
preventing bone 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. 
 

 Pseudarthrosis ~excessive tissue strains (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 orthopaedic innovation (and Swiss Industry) in the last 30 years. 

 

 Stress shielding ~insufficient tissue strain 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. 
 

 Tissue ingrowth into implant ~must have appropriate balance of tissue strains 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. 
 

 If you have a mechanical mismatch between the implant and the tissue, the cells will build up an interface 
between them, trying to correct the mechanical mismatch!! 
 

 

9 VISCOELASTICITY AND THE ECM 

 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. 

- The ECM is made out of a fibrillary tissue, main 2 proteins: collagen, fibronectin  mechanical load bearing 
structure, mechanical stiffness, protein assembly 

- Many oteher proteins, main class: Proteoglycan (polysaccharide, core protein with sugars bound) 
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 Fibrillar “elastic, cell-adhesion, filler” proteins  
 Collagen, elastin: 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-2,and type-3.  

 Fibronectin, Lamin: 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. First protein a cell will secrete 
when it comes to a new territory. Primary function: Spacial 
guidance via force transmission (mechano-sensitive property). 

 Proteoglycans: 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 (the attracted 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. 
 
 
 
 

 
 

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

- 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. 
- KEY CELLULAR PLAYERS: Stem cells; fibroblasts (and myofibroblasts)  
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- 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.  

(Phase 2-3): Revascularization (vascular modeling) and vascular remodeling (larger collagens, lamin)  
Modelling: early stage, initial laydown of the matrix 
Remodelling: late stage, reorganization of matrix 

- Tissue “modeling” is the formation of initial matrix, usually for emergency restoration of basic 
function.  

- Tissue “remodeling” is the process by which cells fine tune the tissue, ideally until it is restored it to 
its preinjury state. 

(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) 
 

 

 

 Mechanically/Biologically important Extracellular Matrix Proteins 

Proteoglycan: 
- Core protein binds to fibrillar matrix proteins (usually collagen for load bearing)  
- 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+  
- Water follows these ion gradients (osmtic pressure)  
- The side chains repel each other, preserving spacing in the ECM  
- The side chains also bind other proteins, such as growth factors – that ”store” them for cellular access 

 
 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. 

 

 Mechanical Properties: 
 

 VISCOELASTICITY 
Mechanical test = creep test 
1) a constant stress “σ0“ is applied (step load, plötzliche Last) 

2) The deformation is measured. Deformation increases over time (increased “strain”) until external forces 
are in equilibrium with osmotic pressure.  
Initially, water moves out, until water pushed out = water that wants to comes back in 
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 Darcy’s law: 
  

 
 
The more viscous, the less easy fluid goes out  

 higher pressure gradient 
The more permeable (larger mashes)  

 lower pressure gradient 
 
 

 
 

 Van’t Hoff relationship: 

Van't Hoff quantitative relationship between osmotic pressure and solute concentration, 
expressed in the following equation. 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 ionic charge  osmotic pressure increases 

 
 

 STRESS RELAXATION 

Mechanical Test = stress relaxation test 

1) A constant stress “σ0 “ is applied (here after ramping stress to point “B”, displacement is hold ) 

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”). 

 
 

 
 

 
 
 
 
 

 

 Dynamic (cyclical) mechanical testing reveals elastic and viscous behaviour 
 
 
“slope” of the stress-strain curve (tangent modulus) : Increases with 
deformation speed → describes stiffness 
 
40 Hz: fast loading-unloading, water has less time to escape the matrix, 
less stress relaxation behaviour, more elastic behaviour 
0.1 Hz: Slow loading-unloading, the water squeezed out has to return 
inside, energy is lost, viscoelastic behaviour 
 
Hysteresis = „Energy loss“ 

 
(tangent modulus, creep, and hysteresis are all heavily dependent on tissue porosity state.) 

Nonlinear fluid outflow rate  
A-B1: Rapid efflux of fluid (from surface or sideways)  
A-B2: redistribution of collagen, proteoglycans, 
molecules and water  
B2-B3: slower efflux of water  
B3-C: Equilibrium: matrix stress = external load (no 
further fluid flow) 
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 Materials: 

 

 Elastic material (Bsp. Spring) 

  deformation is a non-time dependent function of force 
 Energy is maintained 

Displacement linear to 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. 

 
Similar to Hooke’s Law: σ = Eε 
 
 
 

 
 

 VIscous material (Bsp. Fluids) 
 
 deformation is a time dependent function of force 
 Energy is lost 

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 (in many materials) → 
Plastic deformation 
 
 

 “the more viscous, the less 

stress you get over time” 
 

Viscosity is a characteristic of how effectively shear 
transfers through a fluid, acting to decelerate it.  

 

 

 Viscoelastic material (Bsp. Toothpaste) 
 

- Shows properties of viscous + elastic materials 
- Some energy is lost 
- Something in between 
- Plastic deformation 

 
 
 
 
 
 

 

Viscoelastic materials exhibit a time 
delay in returning the material to 
original shape. Some energy is lost. 
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 The Maxwell Model of Viscoelastic behaviour 

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.  

 

 

 The Standardized Model of Viscoelastic behaviour 
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. 

 

 The Generalized Maxwell Model of Viscoelastic behaviour 

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). 

 Spring Dampers 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” 
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 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.  

 

 

10.1  BONE 
 

 Functions:  
- Protects internal organs (ripcage, skull) 
- Provides attachment sites 
- Facilitates muscle action and body movement 

 

 Bone ECM 
 It’s a connective tissue 
- Mineral (hydroxyapatite):  hard and rigid, inorganic, 60% of total weight 
- Collagen type I:   flexible and resilient, organic, 27% of total weight 
- Proteoglycans:   GAGs side chains bind water, there is a lot of water in bone that makes the 

structure bendable, mechanically weak (formation of cracks), improves 
fatigue properties. Shock adsorption and nutrient transport, 1.5% of weight 

- Water:   10% of total weigth 

 

 Bone cells 
- 3 main cell types:    

 Osteocytes (=sensing):  
embedded in osteoid, makes protrusions to communicate 

 Osteoblast (=building):  
release collagen and minerals which forms Osteoid 

 Osteoclast (=resorbing): 
multinucleated, throw aout lots of acids and “eats” bone 
away 

- Upon mechanical loading and deformation, water shoots out 
of the canaliculi 

- Sensitive to fluid flow, that can be generated through 
mechanical loading, muscle contraction, blood pressure, and 
lymphatic drainage 

 

 

 

 

Mineralized Collagen fibrils 
formation: 
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 Bone structure 
- Bone develops / forms differently in different regions:  

1. “endochondral ossification” occurs at the end of long bones and beneath joint cartilage surfaces  

2. sub-membrane ossification, ossification under membranes such as the “periosteum” 

 

- cortical bone = compact bone 
- trabecular bonce = cancellous bone = spongy bone 
- tons of bloodvessels in bone (channel system into compacta, osteons) 
- no blood vessels in trabecular bone 
- All bone has a similar composition, but can be differently structured: 

 Woven bone: immature bone with randomly oriented fibrils (after injury, healing process) 

 Lamellar bone: mature bone with highly orientated fibers arranged  

 Cortical bone (compact bone): the dense cortex, outside layer 

 Trabecular bone (cancellous bone, spongy bone): the inner porous structure 

 

 Bone remodelling 
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 

- Living osteocytes inhibit bone resorption  

- Osteocytes apoptosis from microcrack formation or nutrient deprivation →  activation of osteoclast 
- Wolff’s Law: bones will adapt based on the stress or demands placed on them. When you work your 

muscles, they put stress on your bones. In response, your bone tissue remodels and becomes 
stronger (tennis player’s arm). → Bone resorption related to physical activity 

- Osteoporosis: pathological bone loss, disequilibrium between bone resorption and formation 
- Net anabolic/catabolic response = # loading cycles + applied strain 

- 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) 

 

 Mechanical properties 

 Toughness is a measure of energy adsorption. 

In order to be tough, a material must be both strong and ductile. For example, brittle 
materials (like ceramics) that are strong but with limited ductility are not tough; 
conversely, very ductile materials with low strengths are also not tough. To be tough, 
a material should withstand both high stresses and high strains. 

 Bone tissue is tough 
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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) 

 

- Cortical bone is stiffer and stronger than trabecular bone  
- Trabecular bone yield strain up to 50%  
- Trabecular bone, because of its porous structure, has a large capacity for energy storage 

- Collagen direction in Osteons alternates  bone is strong and tough in all directions 

- Fracture viscoelasticity ≈ energy release  

- higher strain rates equal complicated fractures and more tissue damage  

- 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 

 

 

10.2  CARTILAGE 
 

 Cartilage types: 
 Hyaline (articular) Cartilage  
- Low cell density  
- Type II collagen fibers  
- Minimize friction, lubricate 

- Shock absorbing  
- At bone-bone contacts, joints 

 Fibrocartilage  
- Strong  
- Collagen type I fibers  
- Oriented in direction of functional stresses  
- Deformable shock absorber  
- In knee and pubic symphysis  

 Elastic Cartilage  
- Flexible  
- Network of elastic fibers  
- Shape preserving 

- In nose and ear 

 
 

 Composition 

- Collagen: primarly type II (15-22% vol)  → structural matrix component, strong in tension 
- Proteoglycan: primyrly aggrecan (4-7%)  → absorb water for swelling 
- Water (60-85%)      
- Chondrocytes: low density (<10%)   → ECM maintainance 
- No blood vessels 
- No innervation 
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 Structure (“zonal distribution”)  
- 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 

- Transition from 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)  
 Tidemark = interface between Cartilage and 

subchondral bone 

- Type II collagen has arcade like configuration in articular cartilage 
- Orientation is optimized for load-bearing capacity 

 Mechanical load and shear are carried by collagen II fibers 
 Compressive loads are carried by the water 

- Cells always only disposed in the same direction as the collagen fibers 
- Type II collagen is arranged as ‘Benninghoff Arcades’:  

 Enable swelling pressure  
 Resist superficial tension 

 
 
 

 Load-bearing capacity  
- Articular cartilage: a fluid-filled porous-

membrane biphasic medium: Interstitial fluid 
phase (incompressible water) and Porous membrane solid phase (ECM). Solid face of cartilage very 
low, main part is fluid (80-90%) 

- Loading results in alignment of collagen fibrils along the axis of tension, increasing directional stiffness 

- Water is “squeezed out” 
- Relative Ion concentration increases, the osmotic pressure goes up 
- Compressive capacity has to do with the swelling property  

- 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  

 
- Donnan Effect: 

 
Proteoglycans link to collagen  
Swelling draws water into the tissue until equilibrium  
Swelling is balanced by tensile forces in the collagen fibril 
Compression  water exudation  proteoglycans are closer  
increased FCD & swelling potential   new equilibrium  
Reversible: removal of load restores original equilibrium 
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- Resistance too loose water and ability to pull it back in depends on density bof the matrix  porosity 
- Healthy cartilage: high porosity and low permeability  

- Permeability = resistance to fluid flow = 
𝑓𝑙𝑢𝑖𝑑 𝑠𝑝𝑒𝑒𝑑

𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡
 (

𝑚4

𝑁𝑠
) 

- Permeability: water travelling through connecting holes 
- Nonlinear permeability:  

 Permeability decreases with increasing pressure 
 Permeability decreases with increasing ΔP (frictional drag) 

 

 Mechanical properties  
- Cartilage is VISCOELASTIC (see curves of previous lecture) 
- Creep: a constant applied stress σ0 results in increased strain until new equilibrium is achieved 

- 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 

- Proteoglycan’s do not provide shear stiffness for articular cartilage (comes from Collagen) 

- Shear stiffness originates from collagen & collagen-proteoglycan interaction 

 
 

 Degeneration  
1. Starts with 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 

 

 Cartilage repair 
 

- Cartilage has limited repair capacity: Low cell number / Low metabolism / Avascular nature 

- If you are lucky a scar will form and stabilize the cartilage, otherwise OP 

- Surgical techniques: Microfracture, Lesion filling, Temporary joint distraction, Implants  

 
 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 

  
 Joint distraction (??) 

- Distraction via coiled springs changes homeostasis  

- Stress deprivation prevents wear  

- Fluid movement improves nutrition and infiltration of MSCs  
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11 Introduction to (Skeletal and Cardiac) Muscle Structure and Function 
 
 

 Skeletal muscle (=striated muscle) 
- The nuclei of the skeletal muscle stain bright red, fibrous connective tissue (tendon) stain pale blue, 

the muscles pink, and erythrocytes orange. 
- This 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. 

- Rich blood supply 
- Contract upon voluntary control 
- Bone → Cartilage → Tendon → Muscle 
- Review cross-bridge cycle (video) 

 

 Skeletal muscle-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. 

- If forces are too big (myosin can’t go on tearing on actin) or not enough  static tension 

- ATP - adenosine triphosphate (molecular Fuel)  
ADP – low energy form of ATP  

- Myosin – a molecular motor  
- Actin – the “ratchet substrate” that the motor acts on 

 

 Cardiac Muscle Structure 

- Like skeletal muscle, cardiac muscle is "striated" with contraction occuring via the sliding (actin) 
filament mechanism (driven by calcium regulated myosin).  

- Difference from skeletal muscle: involuntary contractions! 
- Cardiac muscle cells (”cardiomyocytes”) are short, fat, branched, and interconnected by intercalated 

discs and desmosomes – structures that bind neighbouring 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.  

- 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 muscle’s, preventing tetanic 

contractions. 
- Gap junctions allow action potentials to spread between cardiac cells 

by permitting the passage of ions between cells, producing 
depolarization of the heart muscle.  

- Ion pumps and tuned “leak channels” maintain the gradients 
necessary for polarization and depolarization. Baseline intracellular 
sodium is kept low & potassium high  

- 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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- 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. 

- SERCA pumps: collect free Calcium and put it back into the storage unit 
- Movement of electrical current in body = movement of ions 
- Sodium, Potassium: used to control voltages across the cell  positive charge of 1 
- Calcium: used for signalling and  positive charge of 2 
- Resting potential: -90 mV 

 
 

 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 

 
 

 

   
 
 
 

 
 

 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. 

- Current in heart measurable 
- 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)  
- Purkinje 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. 
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 Heart dimension/capacity 
- 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. 

 

 Excitation sequence of the heart 
- 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.  

 
 
 

 
 

 
 

 

 Electrocardiogram (EKG) 
- 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 fro  m 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 (find out which part of the heart is depolarized when). 
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12 Introduction to Classic Biomechanics 
 
Definition 1: The study of the mechanics of a living body, especially of the forces exerted by muscles and gravity on 
the skeletal structure. 
 
Definition 2: The mechanics of a part or function of a living body (organs, tissues, or cells). 
 

 Why are mechanics important to humans? 
- Performance: sports biomechanics/ trauma biomechanics/ neuromuscular motor control 
- Biology: musculoskeletal or cardiovascular system function and disease 
- Applications:  

 Movement analysis & sports performance (shoe designs, …) 
 Tissue (Injury) Biomechanics (reaction forces,…) 
 Motor Learning 
 Joint Biomechanics (loads, materials,…), Clinical research 

 

 What can we estimate with movement analysis:  

- efficiency (energetic cost)  

- power (acceleration) / stability (resistance to impulse)  

- joint loads (“wear and tear”) 

 

 The 3 things needed for analysis of Joint Reaction Forces (JRF):  

1. external forces and moments  
2. internal forces / moments (exposed by free body diagram construction) 

 

- muscle moment arms  

- joint center  

- muscle lines of action 

3. muscle activity / levels  

 

- overdetermined problem  

- solution optimization  

 energetic cost minimization? stability? power? tissue overload avoidance?  

 

 Joints - operating principle  
- Joint: ball and socket 
- On either side of the joint you have muscles: flexor (close the 

joint) and extensor (open the joint) 
- Muscles are pushed away from joint center to get bigger 

moment arm 
- Moment arm = distance from muscle belly to joint center 
- Depending on which muscle is creating the bigger moment 

(not force) flexion or extension is generated 
- During flexion, extension muscle is stretched even if it 

produces forces, and vice versa 
- while a balanced joint, when both muscle provide same 

moment, will not move, even if forces are generated 
(isometric contraction) 

- always co-contraction of agonist and antagonist  
stabilization (energy expenditure invested for stabilization) 

- not only muscle contributes to the moments but also 
ligaments 

- Even for “simple joints” the “functional” center and axis of 
rotation is often complex, because displaced during mvement 

- Small differences can lead to large differences in muscle recruitment!! 

- Multiple muscle generate one movement 
- Every muscle has more than 1 function 

 
 



Materials and Mechanics in Medicine  Jennifer Rütsche HS20 

 55 

 Muscle activity 
→  A muscle can move a joint (concentric contraction, co-contraction)  
→  A muscle can stabilize a joint (isometric contraction, co-contraction)  
→  A muscle can “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  
 

 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 
absorber spring 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 

 

 

 Function behind movement  design goal: survival 
 Energetic efficiency (metabolic cost) /Power (fight-flight; Darwinian competition) /Avoid damage, 

quick & effective repair 

 

- 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, orthopaedic implant design, gait analysis* 
- Ground Reaction Forces (GRF): force plates  

 Force plates measure the body’s interaction with the external world 

 Measures forces in x,y,z, axis  

- Joint kinematics: motion capture 

 Visualize movement of people + position of bones and joints 
 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). 

- Muscle activation: electromyography (EMG) 

 The basic function of EMG is to see if a muscle is active or inactive.  

 It can also give a very rough idea of contraction magnitude “force generating capacity”, and telltale signs of fatigue.  

 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. 

 The amplitude of the sEMG (surface EMG) signal is proportional to the force produced by the muscle 
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 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. EMG decomposition is non-
trivial, although many methods have been proposed.  

 MUAPs from different motor units tend to have different characteristic shapes. 

- Muscle recruitment: inverse dynamics  
- Joint and material stresses: Finite element analysis 

 

 
*Clinical gait analysis 

- Integrates GRF, Kinematics, and EMG (to estimate muscle function, joint loads, tissue loads) 

- Is widely used for surgical planning to alleviate muscle contractures in children with cerebral palsy  

 
 

 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. 

 
 
 

 

13 Introduction to Functional Anatomy: Knee and Elbow  (see slides for good comparison) 
 

 Joints 
- Needed for articulation → Allow movement of body 
- Where 2 segments come together (mostly keeps names of both 

bones)  
- Small contact area = bigger ROM 
- Always tradeoff between mobility vs. stability 
- ↑ mobility = ↓ stability / ↓mobility = ↑ stability 

 

 
 
 

 Anatomy 

 Knee 
- Bones: Femur, Tibia, Patella 
- Joints: Tibia-femoral j., Patella-femoral j. 
- Fibula: not part of the joint, stabilizes the ankle joint, supports muscle, 

connects Lateral collateral ligament 
 

- Tibiofemoral or Femorotibial joint: ‘Condyloid’ hinge joint, 
No fixed instant center of rotation 

- Patellafemoral joint: saddle joint  
- Fibula not part of rotation in knee joint  
- Rotation possible during flexion, hardly during extension! 
- In ‘the knee, extension is dominant  
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- The patella lengthens the lever arm (pushes away joint moment), especially in extension  
- Patella groove provides joint stability (when flexed patella hides in groove) 

 
- Interosseous membrane to provide stability of  

movement of the lower leg and transmit forces 
- Longitudinal forces: 100% tibia-femur 

 
 
 
 
 
 

 Elbow 
- Bones: Humerus, Ulna, Radius 
- Radius: part of joint, found lateral, feel radius and ulna twisting 

 
- Ulnohumeral joint or Humeroulnar joint: ‘typical’ hinge joint, 1 

‘fixed’ center of rotation 
 

- Radiohumeral joint: limited ball-sand-socket joint 
 

- Radioulnar joint: pivot joint  
 

- ~180 degrees rotation of the radius around the ulna  
- Possible during flexion and extension 
- In the elbow, flexion is dominant  
- Lever achieved by biceps–radius attachment, away from the hinge  
- Extension: lever arm much shorter! 
- Interosseous membrane: stability of the forearm and transmit forces, 

separates tissues during twisting 
- Longitudinal forces at elbow: 57% radius vs. 43% ulna-humerus 
- Increased lever arm: biceps attachment site 

 
 
 

 Cartilage and meniscus 
 Both knee and elbow are synovial joints 

 

 Knee 
- Menisci distribute forces over the joints, protect the cartilage 
- Condyle joint is good at dealing with compression but not with shear so menisci take up shear forces 
- Thickness of cartilage proportional to forces: 1.5-3mm 
- Stability due to wedge effect 
- Optimized load distribution because of large area 
- Damaged meniscus is taken out because it cannot heal itself 

 
- Knee Osteoarthritis: 

 Symptomatic knee OA: ~12%  
 Affects ‘all’ ages  
 Women more susceptible (menopause)  
 Risk factors: Overuse, Skeletal deformations , Joint laxity 

- Meniscus:  Fibrocartilage 
 Lot of water 
 Mainly Type 1 collagen 
 Robust blood supply (normal cartilage has no blood supply) 
 Fibrochondrocytes 
 The meniscus stabilizes the knee and assists in shock absorption 

-  

 
 

Position with 
highest joint 
moment.  
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 Elbow 
- Thickness of cartilage half as those of the knee because of less forces  
- Some people have small elbow menisci 
- Stability from hinge joint 
- Load transfer through 2 joints 
- Elbow Osteoarthritis: 

 Symptomatic elbow OA: 2%  
 Rarely diagnosed in individuals 

 Women more susceptible (menopause)  
 Risk factors: Overuse, skeletal deformation 

 
- Cartilage composition  hyaline cartilage 

 Lot of water 
 Mainly Type 2 collagen 
 No blood supply 
 chondrocytes 

 
 

 Ligaments and Tendons 

 Ligaments: connect bone to bone  
 Tendons: connect muscle to bone 

- limit excessive movement 
- ligaments have high repair potential (have good blood supply) 

 

 Knee 
- 4 ligaments:  

 LCL: Lateral Collateral Ligament 
 MCL: Medial Collateral Ligament 
 PCL: PosteriorCruciate ligament  
 ACL: anterior cruciate ligament 

 
- Restrain to varus stress: (O-Beine) 

 Meniscus wedging  
 Lateral Collateral Ligament (LCL)  

- Restrain to valgus stress: (X-Beine) 
 Meniscus wedging  
 Medial Collateral Ligament (MCL) 

- Common injuries:  
 Turn LCL and MCL 
 Fairly high regenerative potential due to blood clot formation 
 Torn ACL and PCL 
 To replace ACL you can take a part of the tendon 

- Function ACL:  
 Anterior displacement of tibia  
 Internal knee rotation  
 Hyperextension 

- Function PCL:  
 Posterior displacement of tibia  
 External knee rotation 

 
 

 Elbow 
- Ligaments: 

 Lateral collateral ligament complex 
 Medial collateral ligament Annular ligament 

- Restraint to varus stress:  
 Ulnohumeral articulation (91%)  
 Anterior capsule and LCL (9%)  
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- Restraint to valgus stress:  
 Medial collateral ligament (MCL) 

- Common injury:  
 torn ulnar collateral ligament 
 in kids ligaments commonly do not tear at the middle of the ligament but at the attachment 

to the bone 
 

 

 
 

 Kinematics 
- the branch of mechanics concerned with the motion of objects without reference to the forces 

which cause the motion 
 

 Knee 
- Condyloid hinge joint: 

 Rotation around 2 axes  
 3rd axis blocked by MCL & LCL 

- Flexion limitation: tissue contact 
- Extension limitation: ACL 
- Movements: first rolling, then sliding 
- ACL and PCL guide the knee in its natural motion 

- Centre of rotation changes during movement (semicircular pathway)  

 

 

- Menisci moves during extension, flexion and 
rotation to achieve maximal contact area 

 
 
 

- External rotation: In flexion (180), in extension (90)  
- Internal rotation: In flexion (250), in extension (100)  
- More ‘false’ rotation in extension: hip joint 

- ACL & MCL are tensioned in extension, pushing condyles into menisci 
- Tibiofemoral joint: Extension associates with rotation 
- Unique of the arm: without repositioning shoulder and wrist, elbow can be twisted  
- Women, on average, have more valgus due to a wider pelvis  
- Valgus provides the same stability 

 Elbow 
- Hinge joint:  

 Rotation around 1 axes  
 Other axes blocked by joint shape and collateral ligaments 

- Flexion limitation: tissue contact 
- Extension limitation: Olecranon 
- Center of rotation in elbow is fixed 
- Pronation ~90° 
- Supination ~90° 
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- More ‘false’ rotation in extension: shoulder joint 
- Elbow joint: Independent rotation (pronation / supination) and flexion / extension 
- The elbow has a ‘carrying angle’ (natural valgus)  
- The shorter the forearm bones, the greater the carrying angle 

 

 
 

 Kinetics 
- Patella slides over the trochlear notch of the femur during flexion-extension 

 Moving toward groove during flexion 
 Moving on notch during extension 

- Patella resultant force is low in extension  
- Patella resultant force is potentially very high in flexion 
- The patellatibial joint does not exist 

 
- Two mechanisms reduce patella reaction force:  

1. lever arm is reduced because meniscus and femur slide posterior  
2. patella sinks into the patella groove  

 

- Meniscus: 
 Functions: Shock-absorption / Increase congruency (fit) & area of contact (load distribution) 

/ Deepens the articulation (stability) 
 Wedge shape: Compression has radial component / Expands meniscus outward / Hoop 

stresses /Increased area of contact (shock absorption) /Less contact between opposing 
cartilages in flexion / Transmits 50% of the loads in extension, 85% in flexion 

 
 

14 Shoulder Implants Biomechanics 
 

 Total vs. Reverse Shoulder Arthroplasty 

TSA: Anatomical structure – humeral ball and scapular socket 
- Cut off cartilage and replace it with plastic, placed on sand blasted steel, which connects the glenoid 

socket with the bone (metal-bone contact is better than 
plastic-bone interface) 

- Low friction, slippery, stays bio inert, absorbs stresses 
- Center of Rotation will always be at the center of the 

humeral cap 
 

RSA: Non-anatomic structure – humeral socket and scapular ball 
- Metal sphere as glenoid, fixed directly into bone 
- Center of rotation moves closer to the center of the body 

→ lever arm gets bigger (advantage for muscles, they need 
to generate less force) 

 

 Shoulder Pathologies 
Osteoarthritis:  

- main reason to replace the joint 
- cartilage degenerates leading to bone-bone contact 
- 3 people per 20’000/yr 
 Joint replacement 
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Rotator cuff tear:  
- Tendon of the rotator cuff gets torn, muscle disconnect 

from bone  
- Rotator Cuff: Subscapularis, Supraspinatus, Infraspinatus, 

Teres minor  
- Small to large to complete tears in the rotator cuff tendons 

diminish the ability of these muscles to compress the joint 

- much more common: 1.6 elderly people per 1’000/yr 
- once it starts to tear it will tear completely, no self-recovery 
- 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.  
 Soft tissue repair: sew tendon back to bone  

 
 

 Complications after rotator cuff tear 
- Repairs often fail after months 
- Reason while they do not held: 

 inability for the tissue to regenerate the “enthesis”, a highly specialized tissue transition 
from tendon to bone → Tendon not strong enough to held the sewn, stitches just pull 
through tendon 

 Same forces, less surface area because fibers are not woven  → more stresses 

- 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”. 

 RSA is increasingly used to address (massive) rotator cuff tear 

- If not repaired it can lead to fatty infiltration 
- Prolonged loss of upper limb motion due to joint pain and instability can lead to OA 

 

 Shoulder anatomy: 
- 2 joints: the scapula and humerus (gleno-humeral joint) and the scapula and clavicle (acromio-

clavicular joint or A/C joint) 
- The shoulder girdle (Gürtel) is formed by segments and articulations associated with the thorax, 

clavicle, scapula and humerus 
- 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. 
- The 4 rotator cuff muscles  (Supraspinatus/ Infraspinatus/ teres minor/ Subscapularis) are active 

joints stabilisers and provide rotation function 
- The 3 most superficial shoulder muscles (Deltoid/ Pectoralis major/ Latissimus dorsi) are also prime 

movers, they have larger size and larger movers 

- Co-contraction stabilizes the joint, but also results in large compressive forces. 
 

 Anatomical total shoulder arthroplasty (TSA) 
- Used in treatment of end-stage OA, severe pain, reduced ROM and loss of muscle strength 
- Rotator cuff tears after TSA are common (most commonly with supraspinatus). This may be caused 

by ”impingement” (contact and wear) between the implant and the rotator cuff tendons. It might 
also reflect that the joint is generally degenerative, and be caused or accelerated by joint 

inflammation of tissue disease. 
- Complications: increased tendon contact pressure after surgery (tendon-metal contact) 

- 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. 

 
 
 
 



Materials and Mechanics in Medicine  Jennifer Rütsche HS20 

 62 

 Reverse total shoulder arthroplasty (RTSA) 
- Used in the treatment of rotator cuff tear arthropathy, but also trauma and tumour resection 
- “semi-constrained” articulation stabilizes glenohumeral joint in absence of rotator cuff 
- The RSA can restore range of motion, but also comes with its own risks (Complications occur in 10% - 

68% of the cases) 
- Dislocation accounts for 44% of complications 
- A major complication is loosening of the implant. “Strange bone loads” and mechanobiologically 

driven bone remodelling are involved. 
- Altered anatomy => altered bone load => bone remodelling 

 
 

 How to quantify muscle and joint function after RTSA using measurement and modelling:  
- muscle moment arm 

 perpendicular distance between a muscle’s line of action and the joint centre of rotation  
 muscle moment arm change significantly after surgery 
 measured using the tendon-excursion method 
 significant increase in the mean moment arm of deltoid, same muscle gives 4x more moment 
 e.g. recruitment of the posterior deltoid as an abductor (was an adductor pre-operatively), 

and from external rotator during flexion it becomes an internal rotator 
 some patient never relearn the right movement 

- muscle lines of action 
 The unit vector direction of the force produced by a muscle. It confers muscle stabilising or 

destabilising potential 
 Muscle lines of action change, changing the resultant forces at the joint, and consequently 

forcing bone adaptation 

- muscle force 
 cannot be measured non-invasively 

 significantly smaller mean and peak deltoid and rotator cuff muscle forces post-operatively 

(due to larger lever arms) 

 muscle force peaks occur at different joint positions post-operatively 

- joint force 
 lower average joint compression post-operatively (due to smaller muscle forces) 

 larger average superior joint shear post-operatively (due to changed muscle lines of action 

and reduced joint compression) 

- bone and implant stress 
 Finite element modelling is widely used to guide implant design, particularly to optimize load 

distributions in the bone, hoping to avoid mechanobiologically driven implant loosening. 

 They are tipically developed from medical imaging data, CAD files of implant, virtual surgery 

 

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…. 


