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Adhesive wear: High surface pressure cause forcer stronger than the marterial

Abrasive wear: 1)  Harder and rougher surface articulates against a softer surface
2) Hard particles between two surfaces

Surface fatigue: Material near to the surface is weakened by cyclic shear stress 

Tribo-chemical wear: Process with chemical basis at the interface between surfacces



Burnishing: Contact area are polisehd due to abrasive and adhesive wear
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material behavior, clinical data, and surgical fac-
tors such as implant position and orientation [11, 
16, 17]. In order to evaluate the extent and sever-
ity of the surface alterations, a partition system of 
Hood et al. is prevalently used [23]. It is based on 
a separation of the components into different 
regions and a scale to grade the damages. This 
enables a comparison of the same regions from 
various TKR designs [24–26].

In the following sections, the most important 
signs and patterns of wear at the articulating sur-
face between femoral component and tibial insert 
made of polyethylene are documented and 
described by means of macroscopic and high- 
scaled pictures of retrieved components. In addi-
tion, a section according to the wear mechanisms 
of the central bushing of hinged total hip replace-
ment designs is listed at the end of this chapter.

 12.1 Patterns of Wear at 
the Articulating Surfaces 
of the Femoral Component 
and Tibial Insert

 12.1.1 Burnishing

A less severe sign of wear in TKR is burnish-
ing [27]. Contact areas are polished due to a 
combination of abrasive and adhesive wear. 
Manufacturing-related machining marks on the 
surface of the component are erased [27, 28], 
resulting in a large contact area (Fig. 12.2a–c) 
[23]. The increased conformity of the surfaces 
thus causes low stress magnitudes associated 
with less surface damage [17]. Nonetheless, the 
particles generated by adhesion mostly are of 
submicrometer in size, which may lead to adverse 

a b

c

Fig. 12.2 (a) Tibial polyethylene insert with evidence of 
burnishing in the loaded area. The indentations shown on 
the articulating areas originate from explantation. 
Microscopic view of the red rectangle is illustrated in (b). 
(b) The highlighted area from (a) is illustrated in higher 
solution. The picture clearly shows the interface of the 

horizontal manufacturing-related machining marks (at the 
bottom) and the smoothened area (at the top). (c) High-
scaled illustration by means of Field Emission Scanning 
Electron Microscopy (FESEM) of the interface with 
machining marks at the right side, passing here from bot-
tom to top
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Horizontal manufacturing related
characteristics of the polyethylene  

smoothened area

Polyethylene liner of a TKA

particles in size of submicrometer

Tissue reaction activation of macrophages osteolysis at implant-bone-interface 



Scratching: Damage is caused by abrasion. Differences in roughnes and hardness 
of articular partner causes plowing of the surface
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cellular reactions in the surrounding  tissues, 
causing macrophage activity and osteolysis at the 
implant-bone interface [29, 30].

 12.1.2 Scratching

Scratching is a mode of damage caused by abra-
sion. Differences in roughness and hardness of the 
articulating partners lead to a plowing of the sur-
face of the softer material during the relative joint 
motion (Fig. 12.3a–c) [24]. The surface alteration, 
characterized by striated lines, is primarily formed 

in the main direction of stress (anterior-posterior) 
[31, 32]. Scratching is one of the dominant dam-
age modes at the backside of mobile-bearing 
polyethylene inserts [25, 26, 33]. In contrast to the 
tibiofemoral articular surface, the scratches at the 
lower mobile-bearing surface (backside wear) 
are in a shape of concentric rings [26].

 12.1.3 Pitting

Pitting is one of the most frequent types of  surface 
alteration seen on retrieved ultra-high-molecular-
weight polyethylene (UHMWPE) components [23, 
34]. This mode of fatigue wear is  controlled by the 

a b

c

Fig. 12.3 (a) Macroscopic picture of a retrieved tibial 
polyethylene component with some scratches in the 
anterior- posterior direction. Microscopic view of the 
red rectangle is illustrated in (b). (b) Example of 

scratching from the highlighted area of (a). FESEM 
picture of the red rectangle is illustrated in (c). 
(c) FESEM illustration with high solution of the plowed 
area of the scratch

Burnishing of the polyethylene component 
is a less severe sign of wear in TKR. Generated 
wear particles are of submicrometer in size 
and can provoke immunological response.

Scratching is a type of surface alteration 
that is caused by abrasive wear.

C. Fabry et al.138
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Most common form of backside wear



Scratching: Damage is caused by abrasion. Differences in roughnes and hardness 
of articular partner causes plowing of the surface

Introduction of the mobile bearing concept in UKA in 1978

• Increasing congruency
• Polyethylene wear

Wear rate /106 cycles medial lateral

Mobile bearing 10.7 ± 0.59 mg 5.38 ± 0.63
Fixed bearing 7.51 ± 0.29 3.04 ± 0.35

Brockettt, J of Engineering in Medicine 2012, Kretzer Acta Biomaterial 2011

?

Experimental setting



No difference between fixed and mobile bearing TKA under clinical conditions
using conventional polyethylene

Fixed bearing – PS
18 Pts.

Mobile bearing – PS
18 Pts.

Particle number 1.6+1.9 x 107 2.2+2.6 x 107

Particle size 1.5µm + 0.2 1.5µm + 0.3

Minoda Y et al. KSSTA 2016



Pitting: Most frequent type of surface alteration caused by maximum contact stress 

Cracks at the bearing surface 

Expansion in the UHWMPE139

maximum of contact stresses [16, 17, 35] and 
causes cracks that emanate at the surface and then 
propagate into the UHMWPE  component [34]. 
The resulting fragments are detached from the sur-
face via adhesive processes. The contact surface 
shows characteristics similar to a crater area 
(Fig. 12.4a–c) whose severity depends on the 
degree of conformity, implantation duration, and 
intensity of the loading [17, 36]. Wear debris pro-
duced by pitting is considered to be too large 
(1–2 mm in diameter) to provoke immunological 
response and therefore, from a biological view, a 
more benign wear mechanism regarding osteolysis 
[24].

 12.1.4 Delamination

The continuous dynamic combination of rolling 
and sliding leads to an elastic deformation of the 

UHMWPE in the contact area. The maximum 
principle stress, acting tangent to the surface, 
and the maximum shear stress (maximum val-
ues 1 mm beneath the articulating surface) 
wreak subsurface cracks, which propagate in a 

a b

c

Fig. 12.4 (a) Disrupting area at the articulating surface 
that is characteristic of pitting. (b) Pitting area in higher 
solution with scratches and machining marks. (c) FESEM 

image of a pit at the articulating surface of a retrieved 
polyethylene inlay

Fig. 12.5 Example of a beginning delamination process, 
initiated with subsurface cracks
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Delamination: Elastic deformation of the UHMWPE due to rolling and sliding

Wreak subsurface cracks

Shear off of UHMWPE flakes

Subsurface oxidation

During the sterilization process 
(gamma irradiation in ear) may lead to 
subsurface degradation of the PE)

140

tangential path relative to the surface (Fig. 12.5) 
[17, 37]. When loading duration increases, 
flakes can be sheared out of the UHMWPE com-
ponent that may result in catastrophic wear 
(Fig. 12.6a–c) [28, 38].

Subsurface oxidation is considered to be 
another cause for delamination of polyethylene 
[39, 40]. The oxidation can be initiated during the 
sterilization process by the use of gamma irradia-
tion in air [41–43] as well as in an inert gas envi-
ronment [44, 45] and may lead to a subsurface 
degradation of the polyethylene material [38].

 12.1.5 Third-Body Wear

Within different wear mechanisms in the arti-
ficial joint, third-body wear is a serious prob-
lem [46–48]. Debris left in situ during surgery 
can act as third-body particles initiating the 

wear process postoperatively by rubbing at the 
bearing surfaces leading to the surface damage 
(scratches) and wear particle release by scraping 
[47]. For example, residual bone cement, bone 
fragments, worn metallic particles, and residuals 
on implants such as ceramic particles from the 
corundum blasting process can function as third- 
body wear particles in between the articulating 
surfaces of the TKR. An enormous increase in 
wear and damage of the bearing surfaces caused 
by third-body particles has been described in 
experimental simulator studies [32, 49]. Deep 
visible scratches on the implant surfaces and 
left embedded particles inside the articulating 
surfaces (Fig. 12.7a–c) indicate abrasive third-
body wear caused by large particles. The visible 
appearance of third-body wear depends on the 
size of the particles. Bone cement particles can 
range from 250 to 340 !m [46] and can  generate 
visible  macroscopic  damages, while metallic 

a b

c

Fig. 12.6 (a) Retrieved tibial polyethylene insert with 
evidence of delamination. Microscopic view of the red 
rectangle is illustrated in (b). (b) Highlighted region from 

(a) showing the fragments similar to flakes that are typical 
for delamination. (c) FESEM image of a delamination 
area
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57 yrs old male Pat.

• UKA 7’ 2011
• Persistend effusion

• Arthroscopy 11’ 2011
• Exchange of the liner 11’2011

• Re-evaluation 12’2021
• F/E: 125°-0°-0°, no pain



Chakravarty R, J Knee Surg 2015, 370-375

Ultra-High-Molecular-Weight Polyethylene     - Polymerer molecules consist of long chain hydrocarbons 

Highly Cross-Linked Polyethylene - Better wear performance, BUT reduced strength and 
fatigue resistance

Re-melted Highly Cross-Linked Polyethylene - Reduction in free radicals and wear

Annealed Highly Cross-Linked Polyethylene   - Better mechanical properties due to preservation of the Crystallinity   

Sequentially irradiated and Annealed Polyethylene – Gamma irradiation and annealing in a repetitive manner, 
lowest rate of wear

Vitamine E Highly Cross-Linked Polyethylene  - Replaces the remelting process and thus prevents loss of 
crystallinity, prevention of loss of fatigue strength



12

201

shall ensure that the device conforms to the 
de!ned user needs and intended use. In short, 
design validation answers the question if the right 
product was developed.

The speci!ed design must be tested by appro-
priate methods selected by the design engineer 
and ful!l acceptance criteria de!ned in speci!ca-
tions. Some requirements can be easily veri!ed 
based on documents such as technical drawings 
or material speci!cations (e.g., length, diameter, 
shape, markings on product, material composi-
tion). Functional and interface requirements may 
be veri!ed by speci!c laboratory testing (e.g., 
application of a force or torque, adjustment of a 
length or an angle, assembly of two or more 
parts). For requirements that are common for cer-
tain groups of medical devices such as total knee 
arthroplasty, standardized test methods are 
de!ned in international standards (e.g., dynamic 

testing, wear testing, transport validation, bio-
compatibility testing, and shelf-life).

Mathys’ list of applied standards for the devel-
opment, material selection, testing, packaging, 
sterilization, and clinical introduction of a TKA 
incorporates around 150 international standards. 
The most relevant ones for development and test-
ing are listed in Table"16.2.

The tests carried out are evaluated from both 
technical and clinical perspectives and the results 
documented. Together with other documentary evi-
dence, they form the contents of the instruments’ 
technical documentation. This represents an impor-
tant part of the development of any medical product.

Specialists in the regulatory department then 
ultimately check that the products have been 
manufactured, veri!ed, and have documentation 
in full compliance with the applicable standards 
and regulations. Only then the medical device is 

Table 16.2 List of applicable international standards for TKA implant development relevant to design (D), risk assess-
ment (R), and testing (T)

Standard Name Used for
ISO 7207-1 & 2 Implants for surgery—Components for partial and knee joint prostheses D, R, T
ISO 10993-1 to 18 Biological evaluation of medical devices R, T
ISO 13485 Medical devices—Quality management systems—Requirements for regulatory 

purposes
D, R, T

ISO 14243-1 & 2 Implants for surgery—Wear of total knee joint prostheses T
ISO 14283 Implants for surgery—Fundamental principles D, R, T
ISO 14630 Non-active surgical implants—General requirements D, R, T
ISO 14879-1 Implants for surgery—Total knee joint prostheses—Determination of endurance 

properties of knee tibia trays
T

ISO 14971 Medical devices—Application of risk management to medical devices R
ISO 16142 Medical devices—Guidance on the selections of standards in support of recognized 

essential principles of safety and performance of medical devices.
D, R, T

ISO 17853 Wear of implant materials—Polymer and metal wear particles—Isolation, 
characterization, and quanti!cation

T

ISO 21536 Non-active surgical implants—Speci!c requirements for knee joint replacement 
implants

D, R, T

IEC 62366 Medical devices—Application of usability engineering to medical devices D, R, T
ASTM F 1223 Standard Test Method for Determination of Total Knee Replacement Constraint T
ASTM F 1800 Standard Test Method for Cyclic Fatigue Testing of Metal Tibial Tray Components 

of Total Knee Joint Replacement
T

ASTM F 2052 Standard Test Method for Measurement of Magnetically Induced Displacement 
Force on Medical Devices in the Magnetic Resonance Environment

T

ASTM F 2083 Standard speci!cation for Total knee prosthesis D, R, T
ASTM F 2182 Standard test method for measurement of radio frequency induced heating on or near 

passive implants during magnetic resonance imaging
T

ASTM F 2724 Standard Test Method for Evaluating Mobile Bearing Knee Dislocation T
ASTM F 2777 Standard Test Method for Evaluating Knee Bearing (Tibial Insert) Endurance and 

Deformation Under High Flexion
T

16 TKA Component Design: What Do Engineers Need to!Know?



Orita K, Bone Joint J 2020

Vitamin E-infused highly cross-linked polyethylene (E1) versus conventional polyethylene (CP)

E1 CP
Totel number of particles obtained after 3.4 years 6.9 + 4.0x107 2.2 + 2.6x107

Particle size 0.5µm + 0.1 1.5µm + 0.3



• No association between alignment within + 3° and wear characteristic after TKA,
Parrate S JBJS-Am 2010

• Malalignment of the component of >5° varus significant effect on wear characteristics
Collier MB JBJS-AM 2007

• Joint line elevation of more than 5mm increases wear
Pang HN J Arthroplasty 2014



Allergy:  Overreaction of the immunesystem against agends

Type of immunreaction:

Type 1: Free antigens IgE transmitted early type
Type 2: Cell associated antigen: antiody related cytotoxic type
Type 3: Antibody related immuncomplex type of reaction
Type 4: Cell mediated type, antibody related type (late type)

(Lymphocyts, CD4 supporter cells)



Allergic reaction involves type I hypersensitivity: acute IgE antibody 
mediated response

Metall implants may cause delayed type IV hypersensitivity
Cell mediated 
reaction

• Prevalence of type I hypersensitivity to metal = 10-15% (f/m=15%/2%)

• Prevalence of symptoms to metal < 0.1%

Usage of coated implants in: Germany = 4%
England = 1.2%



Peripheral T-Lymphocytes

TH1 cells become active

Release of TNF-a, IFN-a, IFN-g

Recruitment of macrophages

PROINFLAMMATORY MILIEU



Test for metal hypersensitivity • Lymphocyte transformation test (LTT)
• Modified lymphocyte stimulation test (mLST)
• Leukocyte migration inhibition test (LMIT)

669

is a Stimulation Index with a sensitisation detection 
limit set by the laboratory and is typically SI >3 
[21]. This is more suitable for detecting systemic 
hypersensitivities and differentiates dermal from 
metal implant-induced hypersensitivity reactions 
[13]. The test result cannot be taken in isolation of 
the clinical picture and other diagnostic parameters.

56.4.2.2  Modi!ed Lymphocyte 
Stimulation Test (mLST)

The mLST is similar to the LTT in that the pro-
liferation is measured upon exposure to a poten-
tial antigen [22]. Peripheral blood lymphocytes 
(PBL) are separated by centrifugation. The 
PBL are incubated with NiCl2, CoCl2, CrCl3, or 
Fe2(SO4)3 for 72! h. The incorporation of radio-
active (3H) thymidine marker into lymphocytes 
is measured during the "nal 6! h of incubation. 
Based on the uptalk, the stimulation index is cal-
culated with a cut-off of >2.

56.4.2.3  Leucocyte Migration 
Inhibition Test

“The LMIT uses migration inhibition assays 
to determine leucocyte activation based on the 
decreased motility in the presence of known anti-
gens.” “Collagen is cast into a tube or layered 
on to a Petri dish and overlaid with leucocytes 
incubated in the presence or absence of antigen. 
Migration is measured either by direct observa-
tion of cells within the gel matrix or by scintil-
lographic determinations, using radiolabeled 
cells.” [23].

56.4.2.4  Other Investigations
Receently, Lionberger et!al. [24] reported on 32 
patients awaiting revision TKA of whom 19 were 
nickel-sensitised and 13 were not. They under-
took cell counts from the synovium and showed 
that there was activation of both CD4+ and CD8+ 
T cells. The ratio of CD4+/CD8+ T cells was 1.28 
for nickel-sensitive patients compared to 0.76!in 
the controls. There was no difference between the 
groups for the CD8+ T cells, but nearly a two-
fold increase in CD4+ cells in the nickel-sensi-
tive group. This may useful for showing nickel 
hypersensitivity.

Hypersensitivity may also be caused by bone 
cement or gentamicin (commonly mixed into 
the cement) [11, 25]. Hypersensitivity to bone 
cement components in 113 patients was studied 
by Thomas et!al. [11]. They reported hypersen-
sitivity percentages in the following cement 
components:

Cement components
No. of patients 
with reaction Percentage

Gentamicin 19 16.8
Benzolperoxide 9 8
Hydrochinon 3 2.7
2-Hydroxy-ethyl- 
methylacrylate

2 1.8

Copper(-II) sulfate 0
Methylmethacrylat 
(MMA)

1 0.9

NN-Dimethyl-p-Toluidin 0
One or more bone cement 
components

28 24.8

Metal and bone cement 
components

11 9.7

56.5  Clinical Presentation

If a patient presents with an eczematous rash over 
the wound following a TKA, metal hypersensi-
tivity should be considered. It is much more com-
mon in women than in men (13:2) [26]. Without 
an associated synovitis and swelling of the knee, 
a patient with an eczematous rash should be 
referred to a dermatologist, where topical ste-
roids are likely to be prescribed [9].

In the presence of a persistent effusion and 
painful synovitis following TKA, then instabil-
ity, loosening, chronic infection, polyethylene 
wear, and recurrent haemarthrosis are the more 
likely diagnoses. A detailed clinical evaluation 
is required (Fig.! 56.1). However, if between 
2!months and 2!years following a cobalt-chrome 
TKA a patient presents with pain from a persis-
tent synovitis, swelling, and, typically, stiffness, 
and especially if female, and all other diagnoses 
have been excluded, then metal hypersensitivity 
needs to be considered. There may or may not be 
a dermatitis over the knee. The plain radiographs 
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Symptoms after TKA
• Joint effusion +/-
• Pain +/-
• Dermatitis +/-
• Reduced range of motion +/-

Radiography (ap, lat. view)
Long leg weight bearing view

Computertomography

Laboratory testing
(CrP, Leukocyte)

Clinical examination
(Effusion, ROM, anteroposterior

and mediolateral stability)

aseptic

Instability +/- Stiffness +/-

septic

Synovitis +/- Loosening +/-

Symmetrical or
asymmetrical mismatch
of the extension and/or

flexion gap

PAIN +/-

Infection

Immune response

Wear +/-

Patch -Test + LTT +/-

5 Biospies

Aseptic loosening +/- Chronic synovitis +/-

+

Fig. 56.1 Flowchart of the diagnostic algorithm in patients in whom immune response is considered

S. Donell and R. Becker



Allergic skin reaction does not need to be related
to the implanted metall

Milavec-Puretic AOTS 1998

40 Hip revisions
- 9 patients showed positiv epicutaneous test
- No difference in histology of periprothetic tissue

Danish hip register
- 18700 patients received epicutaneous test
- RESULTS: no increase in revision rate
- no increase in complication rate

Thyssen Acta Orthop 2009



Bader Orthopäde 2008

Coverage of the surface: Ti(Nb)N – Titan (niob) 
nitrit

Oxinium: Zirconium + Niob
Nickel content of 0.0035%

Ceramic: Aluminiumoxid or Circoniumoxid



Summary

1. Correct terminology is hypersensitivity and not allergy

2. Hypersensitivity after total joint replacement very rare (0.6%)

3. No correlation between epicutaneous test,  lymphocyte proliferation test and hypersensitivity

4. Increase in positive epicutaneous tests after total joint replacement – BUT no correlation

5. Hypersensitivity after total joint replacement is an exclusion diagnosis

Low allergy implants (Ceramic) used in Germany for legal reasons, 
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