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Abstract 
Total	knee	replacement	is	one	of	the	most	common	elective	surgeries	in	the	world,	and	
presents	a	number	of	challenges	related	to	the	wear	of	ultra-high	molecular	weight	
polyethylene	(UHMWPE).	This	paper	presents	an	analysis	of	the	surface	topographical	
properties	of	the	worn	and	unworn	condylar	surfaces	on	a	small	cohort	of	both	wear	
simulated	and	retrieved	prostheses	of	varying	designs.	A	number	of	measurement	
points	were	taken	on	each	prostheses	in	a	mixture	of	worn	and	unworn	areas	through	
the	use	of	focus-variation	microscopy	(FVM),	a	non-contact	method	of	surface	
measurement.	Surface	areal	parameters	were	extracted	from	this	data	to	analyse	and	
search	for	patterns	within	the	data.	It	was	found	that	in	general,	worn	implant	surfaces	
appear	to	show	smoother,	less	peak	dominated	surfaces	than	unworn	area.	It	was	also	
found	that	wear	simulated	and	retrieved	implants	display	similar	characteristics	of	
surface	topography.	In	addition,	variation	was	noted	between	different	designs	of	TKR	
device,	with	posterior	stabilised	designs	found	to	be	peak	dominated	and	cruciate	
retaining	type	implants	being	valley	dominated.	

1. Introduction 
The	wear	of	ultra-high	molecular	weight	polyethylene	(UHMWPE)	is	a	critical	challenge	
to	the	success	of	total	knee	replacement	(TKR)	prostheses.	Polyethylene	wear	debris	
can	elicit	a	macrophage	response	within	the	body	and	lead	to	aseptic	loosening,	one	of	
the	most	common	reasons	for	revision	of	TKR	implant.	It	is	difficult	when	measuring	
wear	on	UHMWPE	to	explicitly	determine	that	the	quantity	being	measured	is	solely	a	
result	of	wear,	due	to	deformation	and	creep.	This	paper	describes	a	study	which	
analyses	worn	and	unworn	regions	of	a	TKR	implant	with	respect	to	their	areal	surface	
topographical	parameters	using	a	non-contact	optical	measurement	system.	As	well	as	
studying	the	worn	and	unworn	areas	of	the	implants,	the	study	also	compares	retrieved	
implants	to	those	that	have	had	their	wear	simulated.	Variation	in	different	designs	was	
also	studied,	these	being	implants	of	either	a	posterior	stabilised	or	cruciate	retaining	
design.	

Total	knee	replacement	is	one	of	the	most	common	elective	surgeries	in	the	world	with	
three	quarters	of	a	million	performed	in	the	UK	alone	between	2003	and	2014.	It	is	
expected	to	increase	by	over	650%	in	the	next	15	years	[1],	whilst	revision	procedures	
are	expected	to	undergo	a	five-fold	increase	[2].	Among	these	revisions,	the	main	cause	
of	failure	is	likely	to	be	aseptic	loosening,	as	evidenced	by	the	National	Joint	Registry's	
data	showing	that	41.2%	of	revisions	were	as	a	result	of	aseptic	loosening	between	
2003	and	2014	[3].	This	aseptic	loosening	occurs	as	a	result	of	an	immune	response	to	
UHMWPE	wear	particles	[4].	These	wear	particles	may	be	released	from	the	surface	of	
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the	implant	to	other	areas	of	the	joint,	leading	to	an	immune	system	response	and	
causing	osteoclastic	resorption	of	the	bone,	causing	aseptic	loosening	[5,	6].	
UHMWPE	has	seen	incredible	success	in	TKR	due	to	a	number	very	desirable	properties	
such	as	good	mechanical	strength	and	biocompatibility,	as	well	as	good	wear	resistance.	
The	gold	standard	in	TKR	remains	as	a	UHMWPE	tibial	insert	in	a	metallic	tray	
interfacing	with	a	much	harder	metallic	femoral	component.	This	relationship	means	
that	it	is	highly	likely	that	the	UHMWPE	component	will	wear	in	a	greater	volume	than	
the	metallic	component.	TKR	prostheses	come	in	a	wide	variety	of	designs;	one	of	the	
most	common	debates	is	between	a	fixed	bearing—where	the	implant	is	rigidly	held	
within	a	metallic	tibial	tray—and	a	mobile	bearing—where	the	implant	is	able	to	move	
within	the	tray.	Various	studies	have	been	performed	without	consensus	on	which	of	
these	is	more	advantageous	[7–12].	Likewise	another	variation	in	TKR	design	is	
whether	the	implant	is	cruciate	retaining	(CR)	or	posterior	stabilised	(PS).	This	refers	to	
whether	or	not	the	posterior	cruciate	ligament	(PCL)	is	retained	post-surgery.	If	the	PCL	
is	removed	then	the	implant	has	a	stabilising	peg	(PS)	as	shown	in	figure	1	with	the	CR	
type	implant	shown	left	without	a	stabilising	peg.	Studies	conducted	have	shown	no	
difference	in	either	clinical	effectiveness	[13,	14]	or	wear	[15,	16]	between	the	two	
types.	

	
Figure	1.	Example	of	CR	type	(L)	and	PS	type	(R)	UHMWPE	tibial	inserts	showing	
stabilisation	peg.	
 
However	the	material	still	has	inherent	flaws	such	as	a	lack	of	creep	resistance.	At	high	
temperatures	or	under	high	stress	UHMWPE	is	easily	deformed.	This	makes	the	
measurement	of	wear	difficult	when	considering	the	surface	of	UHMWPE,	as	the	surface	
may	have	deformed	as	well	as	worn.	Numerous	studies	mention	the	contribution	of	
creep	to	the	difficulty	of	measuring	UHMWPE	knee	prostheses	[17–19].	The	advent	of	
highly	cross-linked	polyethylene	(HXLPE)	and	also	the	doping	of	UHMWPE	with	
Vitamin-E	for	use	within	TKR	could	have	an	effect	on	this,	with	Takahashia	et	al	finding	
that	Vitamin-E	doped	HXLPE	'significantly'	improved	creep	resistance	when	compared	
to	conventional	UHMWPE	[20,	21].	However,	it	has	been	suggested	that	stabilisation	of	
parts	for	48–100 h	after	loading	can	lead	to	80%–90%	of	recoverable	creep	relaxation	
[22,	23].	As	this	study	focuses	on	surface	topographical	parameters	it	is	deemed	that	
creep	should	not	be	a	contributory	factor.	
In	this	study	focus	variation	microscopy	(FVM)	was	used	for	the	measurement	of	
surface	topography.	FVM	is	a	relatively	modern	form	of	light	microscopy	which	
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similarly	to	confocal	laser	scanning	microscopy,	and	works	on	the	basis	of	analysis	of	
depth	of	field	[24].	Danzl	et	al	[25]	compared	surface	texture	results	gained	using	FVM	
with	those	gained	from	a	traditional	contact	measurement	system	such	as	a	CMM.	It	was	
found	that	FVM	provided	comparable	results	to	CMM	when	measuring	surface	
roughness.	They	also	found	that	both	methods	were	able	to	measure	steep	surfaces	as	
well	as	surfaces	with	'difficult	reflectance	behaviour'.	This	is	a	desirable	characteristic	
due	to	the	reflective	nature	of	UHMWPE	inserts.	As	mentioned,	FVM	works	on	the	
principle	of	depth	of	field,	this	is	achieved	by	moving	a	microscope	vertically	in	relation	
to	a	sample	which	in	turn	brings	the	part	in	and	out	of	focus.	It	then	analyses	the	points	
within	the	scanning	range	at	which	the	part	was	in	the	best	focus	and	uses	these	to	
reconstruct	the	surface	at	different	heights	[26].	FVM	has	been	regularly	cited	as	a	
method	that	can	be	used	for	the	measurement	of	areal	surface	parameters	[26,	27],	
providing	a	good	basis	for	the	measurement	of	surface	parameters	for	the	UHMWPE	
implants	used	in	this	study.	

2. Methods 

2.1. Wear area mapping 
A	cohort	of	12	wear-simulated	and	5	retrieved	components	was	measured	for	the	
purposes	of	this	study.	The	wear	simulated	components	were	of	two	different	designs;	5	
DePuy	LCS	and	7	DePuy	PFC.	The	retrieved	components	were	of	multiple	different	
designs.	These	17	components	covered	both	cruciate	retaining	(n  =  9)	and	posterior	
stabilised	components	(n  =  8),	and	also	varied	in	type	between	fixed	and	mobile	
bearing	types.	

In	order	to	present	tangible	results	in	this	study,	it	was	necessary	to	define	areas	upon	
the	components	that	would	be	considered	'worn'	and	also	those	that	would	be	
considered	'unworn'.	This	was	concluded	through	visual	inspection	and	wear	scar	
mapping	of	a	number	of	the	components.	This	determined	that	the	extreme	anterior	
condylar	area	and	condylar	region	towards	the	centre	of	the	implants	would	be	
considered	as	unworn	whilst	the	middle	of	the	condylar	area	and	posterior	region	of	the	
condyles	would	be	considered	as	worn.	In	addition	to	this	it	was	determined	that	the	
outer	extremities	of	the	condylar	area	can	fall	into	either	'worn'	or	'unworn'	and	would	
provide	useful	reference	information.	This	information	is	displayed	in	figure	2,	which	
shows	the	locations	of	each	of	these.	It	can	be	shown	that	points	2,3,7	and	10	fall	into	
the	'unworn'	category	while	1,4,6	and	9	fall	into	'worn',	whilst	5	and	8	are	the	outer	
extremities.	



 4 

	
		

Figure	2.	Image	showing	measurement	points	on	CR	type	retrieved	implant.	
	

By	defining	areas	as	worn	and	unworn	it	is	possible	to	use	the	unworn	areas	to	define	
the	background	surface	properties	of	the	implant,	which	can	then	be	compared	to	the	
properties	found	in	the	worn	area	to	determine	if	there	are	any	particular	surface	
topographical	parameters	that	could	be	used	to	distinguish	between	the	two	areas.	

2.2. Measurement strategy 
Measurement	was	performed	through	the	use	of	FVM.	The	FVM	machine	used	was	the	
Alicona	InfiniteFocus®.	Ten	measurements	were	taken	for	each	component	as	per	
figure	2.	Scans	were	taken	using	a	20×  magnification	lens.	Due	to	the	highly	reflective	
nature	of	the	implant	surface	scans	were	taken	using	a	very	high	contrast	ratio	with	low	
brightness	to	avoid	glass-effect	on	the	surface	and	ensure	no	penetration	through	the	
implant	surface.	Based	on	previous	experience,	scans	used	a	lateral	resolution	of	
2.94	µm	and	a	vertical	resolution	of	0.04–0.05	µm.	This	led	to	approximately	
4  ×  105	data	points	over	a	scanning	area	of	approximately	710  ×  540	µm	for	each	
measurement.	
These	measurements	were	then	taken	to	surface	analysis	software	Surfstand	
(University	of	Huddersfield,	UK)	to	establish	the	surface	topographical	parameters.	
Each	set	of	scan	data	was	levelled	and	then	filtered	to	be	fitted	to	a	second	order	
polynomial	surface.	Any	noisy	scan	data	was	also	removed	at	this	point,	i.e.	data	spiking	
or	pitting.	Surface	areal	topographical	parameters	were	then	exported	for	each	dataset.	
Figure	3	shows	examples	of	the	data	from	the	SurfStand	software.	It	can	be	seen	that	
from	visual	inspection	it	appears	that	the	worn	areas	(symbolised	by	1	and	6)	show	
clear	unidirectional	scratching,	whereas	the	unworn	areas	(3	and	7)	show	a	more	
random	pattern.	
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Figure	3.	Example	of	surface	data	gained	from	surfstand	software.	

2.3. Surface analysis 
ISO	25178	defines	the	parameters	used	to	measure	surface	texture.	This	long	list	of	
surface	parameters	was	then	cut	down	to	a	set	of	parameters	that	would	be	applicable	
to	this	study.	Numerous	parameters	were	identified	as	having	none	significant	
differences	and	were	therefore	excluded	from	the	study.	Nine	different	parameters	
were	identified	to	be	analysed	for	this	study.	These	were;	Sq,	the	root	mean	squared	
(RMS)	height	of	the	surface;	Ssk,	the	surface	skewness;	Sku,	the	surface	kurtosis;	Sp,	the	
height	of	the	surface's	maximum	peak;	Sv,	the	depth	of	the	surface's	deepest	valley;	Sz,	
the	maximum	peak-valley	height;	Sδq,	the	RMS	overall	surface	slope	and	Sa,	the	average	
roughness	across	the	surface	[28].	Despite	not	being	present	in	ISO25178,	Sδs,	the	
summit	density	i.e.	number	of	summits	per	unit	area	was	also	chosen	as	initial	analysis	
suggest	that	Sδsshowed	great	variation.	It	was	also	considered	whether	there	was	any	
variation	in	parameters	between	implants	of	CR	types	and	PS	types,	as	well	as	whether	
there	was	any	significant	differences	between	wear-simulated	or	retrieved	implants.	
The	cohort	used	for	this	study	was	unsuitable	to	compare	the	outcomes	of	fixed	or	
mobile	bearing	knees	as	all	components	were	of	a	fixed	bearing	type.	

3. Results 

3.1. RMS surface height (Sq) 
When	the	values	of	Sq	were	compared	it	was	found	that	worn	areas	of	the	implant	show	
lower	values	of	Sq	than	in	unworn	areas.	This	suggests	that	worn	areas	are	smoother	
than	unworn	areasWhen	comparing	the	values	across	implant	types	it	was	found	that	
CR	type	implants	had	Sq	values	between	20	and	40%	lower	than	those	given	by	PS	type	
implants.	No	significant	difference	was	found	in	Sqbetween	wear	simulated	components	
and	retrieved	components.	

3.2. Surface skewness (Ssk) 
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The	results	gained	from	comparing	Ssk	values	presented	some	unusual	patterns.	It	was	
found	that	while	CR	type	implants	nearly	always	demonstrate	a	negatively	skewed	
surface	i.e.	indicating	a	valley	dominated	surface	whilst	PS	type	implants	generally	
showed	a	fairly	neutral	skewness,	generally	tending	towards	a	very	small	positive.	No	
difference	was	noted	in	general	between	wear	simulated	and	retrieved	implants	of	the	
same	type.	
There	was	no	noticeable	difference	in	Ssk	between	the	worn	and	unworn	areas	of	the	
implant,	indicating	the	Ssk	may	not	be	a	suitable	indicator	for	wear	regions.	

3.3. Surface kurtosis (Sku) 
The	surface	kurtosis	of	a	perfectly	Gaussian	surface	is	3.	When	looking	at	Sku	in	this	
study	it	was	found	that	most	measurements	found	values	that	were	greater	than	3	
indicating	a	sharp	peak-dominated	surface.	It	was	found	that	in	general	worn	areas	
displayed	values	closer	to	3	than	unworn	areas,	albeit	not	significantly	closer.	It	was	
found	that	CR	type	implants	generally	produced	values	of	Sku	that	were	15%	higher	
than	PS	type	implants	across	wear	simulated	and	retrieved	implants.	No	difference	was	
found	between	wear	simulated	and	retrieved	implants.	

3.4. Highest peak on surface (Sp) 
When	considering	the	highest	peak	on	each	surface	it	was	found	that	PS	implants	
generally	had	much	higher	values	than	CR	type	prostheses	with	values	generally	30%	
greater	for	PS	type	implants.	There	was	no	difference	found	between	wear	simulated	or	
retrieved	implants,	but	it	is	worth	noting	that	within	the	group	of	wear	simulated	
components,	the	PFC	(PS)	implants	had	significantly	higher	values	than	those	found	for	
the	LCS	(CR)	type	devices.	This	trend	also	applied	within	the	retrieved	implants	but	
with	limited	evidence	for	PS	type	devices.	It	was	generally	noted	that	worn	areas	had	
lower	values	of	Sp.	

3.5. Deepest valley on surface (Sv) 
Comparing	the	values	of	deepest	valley	on	a	surface	it	was	found	that	in	general	worn	
areas	display	less	deep	valleys,	generally	about	half	the	value	of	those	found	in	unworn	
areas.	In	general	it	was	seen	that	there	was	no	real	difference	between	CR	and	PS	type	
devices	in	Sv.	It	was	noted	that	retrieved	implants	and	wear	simulated	implants	
exhibited	similar	values.	

3.6. Peak to valley height (Sz) 
As	would	be	suggested	by	the	results	shown	for	Sp	and	Sv,	worn	areas	showed	much	
lower	values	of	Sz	than	unworn	areas.	Please	see	table	1.	It	was	noted	that	points	2	and	
7	(as	shown	in	figure	2)	showed	much	higher	values	than	most	other	areas	on	the	
implants,	these	are	unworn	areas.	
	
	
	
	
	
	
	
	



 7 

Table	1.	Overview	of	worn	versus	unworn	topography.	
		 Worn	 Unworn	

Sq	
Lower	
values	 Higher	values	

Ssk	 No	difference	noted	

Sku	 Worn	slightly	closer	to	3	but	not	significant	

Sp	 No	difference	noted	

Sv	
Lower	
values	 Higher	values	

Sz	
Lower	
values	 Higher	values	

Sδs	
Lower	
values	 Higher	values	

Sδq	 Generally	lower	for	worn	but	not	significant	

Sa	
Lower	
values	 Higher	values	

Again,	as	sections	3.4	and	3.5	suggest,	with	PS	devices	having	larger	peaks,	and	there	
being	comparably	deep	valley,	there	is	a	general	trend	for	larger	Sz	values	in	PS	type	
implants.	This	is	of	a	similar	magnitude	to	the	Sp	value	relationship.	No	significant	
difference	was	found	between	wear	simulated	and	retrieved	implants	in	the	values	
of	Sz.	

3.7. Peak density (Sds) 
When	studying	Sds	values	upon	each	measurement	it	was	found	that	in	general	worn	
areas	show	lower	values,	suggesting	less	peaks	per	unit	area.	Interestingly,	it	was	also	
shown	that	retrieved	components	consistently	show	lower	values	of	Sds	than	wear	
simulated	components.	It	was	found	that	on	average	wear	simulated	components	
showed	16%	higher	values	than	retrievals.	It	was	also	found	that	PS	type	implants	
showed	much	higher	values	of	Sds	than	CR	devices.	This	trend	appeared	both	within	the	
wear	simulated	and	retrieved	implants.	

3.8. RMS surface slope (Sdq) 
The	results	for	Sdq	again	showed	similar	results	to	a	lot	of	the	parameters	studied	in	
that	worn	areas	appeared	to	show	a	lower	value	than	unworn	areas.	However	all	values	
were	relatively	small	with	most	values	less	than	0.3 degrees	indicating	that	the	overall	
surface	does	not	have	significant	slope.	When	comparing	Sdq	values	for	PS	and	CR	
implants	no	significant	difference	was	noted.	This	was	also	the	case	when	comparing	
wear-simulated	components	and	retrievals.	
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3.9. Surface roughness (Sa) 
Surface	roughness	was	again	found	to	be	lower	in	worn	areas,	similarly	to	Sq.	When	
comparing	values	it	was	found	that	there	was	no	significant	difference	between	wear	
simulated	or	retrieved	implants.	However	it	was	found	that	in	general	PS	implants	show	
higher	values	than	CR	prostheses,	similarly	to	as	was	found	in	Sq,	roughly	25%	higher	in	
the	case	of	PS.	

4. Discussion 
This	study	attempts	to	distinguish	between	worn	and	unworn	areas	of	a	UHMWPE	tibial	
inserts	through	an	analysis	of	each	areas	surface	topographical	parameters.	Nine	
different	parameters	were	selected	for	this	study	and	each	has	been	compared	for	worn	
and	unworn	areas.	In	addition	to	this,	comparisons	were	also	made	between	wear-
simulated	and	retrieved	implants	as	well	as	those	of	a	CR	or	PS	type.	

4.1. Comparison of topography across worn and unworn areas 
When	comparing	the	related	parameters	of	Sq	and	Sa	it	was	found	that	in	general	worn	
areas	showed	lower	values	of	this	indicating	a	smoother	surface.	This	would	be	
expected	as	the	bearing	surface	of	the	implant	underwent	wear	and	would	take	on	a	
polished	appearance.	
It	is	interesting	to	consider	the	parameters	Sku	and	Sp	together	as	this	gives	an	
indication	of	the	peak	behaviour	and	characterisation	of	the	surface.	It	was	noted	that	in	
general	worn	areas	showed	values	of	Sku	that	were	nearer	to	3,	a	Gaussian	surface,	than	
unworn	areas.	This	would	suggest	that	the	worn	surface	contains	less	sharp	peaks	and	
therefore	has	smoother	peaks	than	the	unworn	areas.	It	is	then	noted	that	worn	areas	
generally	showed	lower	values	of	Sp,	indicating	smaller	peaks	than	unworn	areas.	It	is	
possible	to	hypothesise	that	the	act	of	wear	may	perhaps	smooth	these	peaks	therefore	
making	the	peaks	smaller	than	they	would	be	in	unworn	areas.	
Sv,	the	depth	of	valley	on	the	surface	was	found	to	be	significantly	lower	on	worn	areas	
of	the	surface	as	opposed	to	unworn	areas.	As	it	has	been	noted,	Sq	is	shown	to	be	much	
lower	for	worn	surfaces	indicating	an	overall	lowering	of	the	mean	surface.	This	
combined	with	the	general	smoothing	and	reduction	of	peaks	upon	the	surface	may	lead	
to	the	valleys	of	the	surface	being	reduced.	If	this	was	true	it	would	be	expected	that	
surface	skewness	would	begin	to	tend	towards	zero.	However,	no	significant	difference	
was	found	in	skewness	between	worn	and	unworn	areas.	Similarly	no	comments	of	
note	were	found	regarding	Sdq,	as	the	values	were	very	similar	for	worn	and	unworn	
areas.	
The	Sds	values	of	summit	density	were	found	to	be	much	lower	in	worn	areas.	This	
suggests	that	post-wear	there	is	a	reduction	in	the	number	of	peaks	per	unit	area	on	the	
implant	surface.	This	again	suggests	a	reduction	in	peak	height	and	smoothing,	as	was	
suggested	by	the	values	of	Sku	and	Sp.	

4.2. Comparison of topography between wear-simulated and retrieved 
components 
By	studying	the	surface	topography	of	wear-simulated	components	and	comparing	
these	to	retrieved	components	the	efficacy	of	wear	simulating	techniques	can	be	
evaluated.	Theoretically	there	should	be	no	difference	in	topographical	properties	
between	the	two	types.	



 9 

This	was	indeed	the	case	for	a	number	of	the	topographical	parameters.	In	terms	of	
surface	roughness,	it	was	found	that	for	Sq	and	Sa	there	was	little	or	no	difference	in	
values	between	wear-simulated	and	retrieved	components,	it	was	generally	shown	that	
the	bigger	difference	occurred	between	CR	and	PS	types,	as	will	be	discussed	later.	One	
observation	is	that	retrieved	implants	appeared	to	show	a	smaller	difference	between	
worn	and	unworn	areas	than	wear-simulated	components.	
Again	when	considering	the	surface	skewness	it	was	found	that	there	was	no	difference	
between	wear	simulated	or	retrieved	implants	of	the	same	CR	or	PS	design.	This	was	
the	same	for	surface	kurtosis	where	it	was	found	that	wear-simulated	and	retrieved	
components	of	the	same	type	were	very	comparable.	This	was	also	the	case	for	the	
related	parameters	Sp,	Sv	and	Sz.	
The	major	difference	between	wear-simulated	and	retrieved	implants	was	found	in	the	
summit	density	Sds	parameter.	It	was	found	that	retrieved	components	exhibited	
significantly	lower	values	of	Sds	than	both	types	of	wear-simulated	components.	
However,	as	shown	in	figure	4,	it	may	well	be	that	three	high	Sds	value	simulated	
components	account	for	this	difference,	whilst	the	other	simulated	implants	display	
similar	Sds	values	to	the	retrieved	implants.	

	
Figure	4.	Adaptation	of	graph	showing	location	of	retrieved	implants	within	Sds	dataset	
(shown	in	yellow).	
	
This	is	shown	in	figure	4	where	it	can	be	seen	that	retrieved	implants	were	generally	
the	smallest	values	across	all	implants.	No	difference	was	noted	across	the	Sdq	values.	
As	shown,	the	topographical	data	given	by	retrieved	implants	appears	to	correlate	well	
with	wear-simulated	components	suggesting	that	the	data	gained	from	the	wear-
simulated	components	is	accurate	and	reliable.	

4.3. Comparison of topography between CR and PS type implants 
As	previously	mentioned,	numerous	studies	have	been	performed	to	distinguish	if	there	
is	any	discernable	advantage	to	using	a	cruciate	retaining	or	posterior	stabilised	type	of	
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UHMWPE	implant	[13–16].	None	of	these	studies	found	any	noticeable	advantage	
between	the	two.	However,	this	study	has	shown	that	the	different	types	of	implant	
have	some	very	stark	differences	in	topographical	properties.	All	patterns	of	result	
presented	were	consistent	across	wear-simulated	and	retrieved	implants.	
Firstly	considering	the	surface	roughness	parameters	Sq	and	Sa.	It	was	found	that	in	
both	worn	and	unworn	areas,	the	PS	type	implants	exhibited	much	higher	values	of	
both	Sq	and	Sa,	in	the	magnitude	of	20%	higher	in	worn	areas	and	40%	higher	in	
unworn	areas.	From	this	it	can	be	surmised	that	CR	implants	showed	a	much	less	
significant	difference	between	worn	and	unworn	areas	than	PS	type	devices.	
Considering	the	next	set	of	parameters	that	relate	to	the	peaks	and	valleys	of	the	surface	
it	was	found	that	there	was	a	significant	difference	in	surface	skewness	between	CR	and	
PS	type	implants.	It	was	found	that	while	CR	implants	tend	to	be	slightly	negatively	
skewed,	indicating	a	valley	dominated	surface,	PS	type	devices	appear	to	show	a	slight	
positive	skew	which	would	indicate	a	peak	dominated	surface.	This	is	reinforced	by	
the	Sp	values	which	show	PS	implants	as	having	much	higher	peaks	than	those	found	on	
CR	type	devices.	There	was	little	difference	between	the	two	types	in	relation	to	the	
maximum	valley	depth.	The	combination	of	Sp	and	Sv	means	that	in	general	PS	type	
inserts	appear	to	show	a	larger	peak	to	valley	value.	
As	mentioned	in	section	4.2,	retrieved	implants	appear	to	show	much	lower	values	
of	Sds	than	wear-simulated	implants.	Figure	5	highlights	the	location	of	the	PS	type	
implants	within	the	full	dataset.	As	shown,	in	general	PS	type	implants	show	higher	
values	of	Sds	than	CR	type.	However,	the	point	shown	in	blue	is	a	retrieved	PS	type	
implant.	It	can	be	seen	that	this	implant	displays	a	much	lower	values	of	Sds	in	worn	
areas	than	any	other	component	that	was	tested.	Similar	to	the	comparison	of	retrieved	
and	wear	simulated	components,	no	significant	difference	was	found	between	PS	and	
CR	type	implants	when	considering	the	Sdq	parameter.	

	
		

Figure	5.	Graph	showing	location	of	PS	implants	in	Sds	values	across	worn	and	unworn	
areas.	

	



 11 

5. Conclusions 
This	study	has	shown	that	there	are	topographical	differences	between	certain	aspects	
of	UHMWPE	inserts	used	within	TKR.	Our	results	suggest	that	there	are	surface	
topographical	properties	that	vary	between	worn	and	unworn	areas	upon	an	implants	
condylar	surface.	The	most	striking	is	the	difference	in	surface	kurtosis.	It	appears	that	
worn	areas	of	implants	show	kurtosis	values	closer	to	a	typical	Gaussian	surface	and	
also	show	generally	lower	peaks	than	unworn	areas	suggesting	that	the	peaks	on	the	
surface	have	been	flattened	giving	less	sharp	peaks	on	the	surface.	It	also	appears	that	
worn	areas	tend	to	have	a	smooth	surface	texture	as	suggested	by	Sq	and	Sa.	In	addition	
to	this	it	seems	that	worn	areas	tend	to	have	a	lower	summit	density	on	the	surface	
which	also	fits	with	this	pattern	of	peak	smoothing	and	general	surface	smoothing.	
As	well	as	comparing	worn	and	unworn	areas	this	study	also	considered	the	
topographical	differences	between	wear-simulated	and	retrieved	implants.	In	general,	
there	were	not	wide	ranging	differences	between	the	respective	surface	parameters	of	
wear-simulated	and	retrieved	prostheses.	However,	there	was	a	noticeable	drop	in	
surface	summit	density	on	retrieved	implants.	

As	a	third	study,	the	surface	differences	between	cruciate	retaining	and	posterior	
stabilised	type	devices	were	compared,	with	certain	parameters	showing	very	different	
characteristics	across	the	two	types.	It	appeared	that	PS	type	implants	showed	a	
generally	rougher,	peak	dominated	surface	whereas	CR	type	implants	showed	a	
smoother	more	neutrally	skewed	surface.	These	patterns	appear	to	be	consistent	
regardless	of	whether	the	component	was	wear-simulated	or	retrieved.	

In	conclusion,	this	paper	has	discussed	observations	of	variation	in	surface	topography	
between	worn	and	unworn	areas,	wear-simulated	and	retrieved	and	CR	and	PS	total	
knee	replacement	prostheses.	The	data	appears	to	have	shown	some	trends	and	
patterns	and	applying	the	same	methodology	to	a	more	comprehensive	and	cohesive	
cohort	of	implants	should	lead	to	a	more	defined	analysis	of	the	surface	topographical	
variation	between	these	respective	areas.	

 

 

 

 

 

 

 



 12 

References 
• [1]	Kurtz	S	M,	Lau	E,	Ong	K,	Zhao	K,	Kelly	M	and	Bozic	K	J	2009	Future	young	patient	

demand	for	primary	and	revision	joint	replacement:	national	projections	from	2010	to	
2030	Clin.	Orthop.	Relat.	Res.	467	2606–12	
	

• [2]	Bhandari	M,	Smith	J,	Miller	L	E	and	Block	J	E	2012	Clinical	and	economic	burden	of	
revision	knee	arthroplasty	Clin.	Med.	Insights	Arthritis	and	Musculoskelet.	Disord.	5	89–94	
	

• [3]NJR	2015	12th	Annual	Report	(2015):	National	Joint	Registry	for	England	Wales,	
Northern	Irelands	and	the	Isle	of	Man	(Hemel	Hempstead:	National	Joint	Registry)	p	183	
	

• [4]	Gladkis	L	G,	Timmers	H,	Scarvell	J	M	and	Smith	P	N	2011	Detailed	three-dimensional	
size	and	shape	characterisation	of	UHMWPE	wear	debris	Wear	270	455–63	
	

• [5]	Holleyman	R	J,	Scholes	S	C,	Weir	D,	Jameson	S	S,	Holland	J,	Joyce	T	J	and	Deehan	D	J	
2015	Changes	in	surface	topography	at	the	TKA	backside	articulation	following	in	vivo	
service:	a	retrieval	analysis	Knee	Surg.	Sports	Traumatol.	Arthrosc.	23	3523–31	
	

• [6]	Wooley	P	H	and	Schwarz	E	M	2004	Aseptic	loosening	Gene	Ther.	11	402–7	
	

• [7]	Oh	K	J,	Pandher	D	S,	Lee	S	T,	Lee	S	H	and	Sung	Joon	S	D	2009	Meta-analysis	comparing	
outcomes	of	fixed-bearing	and	mobile-bearing	prostheses	in	total	knee	arthroplasty	J.	
Arthroplasty	24	873–84	
	

• [8]	Bo	Z-d,	Liao	L,	Zhao	J-m,	Wei	Q-j,	Ding	X-f	and	Yang	B	2014	Mobile	bearing	or	fixed	
bearing?	A	meta-analysis	of	outcomes	comparing	mobile	bearing	and	fixed	bearing	
bilateral	total	knee	replacements	Knee	21	374–81	
	

• [9]	Smith	T	O,	Hing	C	B,	Davies	L	and	Donell	S	T	2009	Fixed	versus	mobile	bearing	
unicompartmental	knee	replacement:	a	meta-analysis	Orthop.	Traumatol.	Surg.	
Res.	95	599–605	
	

• [10]	Wen	Y,	Liu	D,	Huang	Y	and	Li	B	2011	A	meta-analysis	of	the	fixed-bearing	and	mobile-
bearing	prostheses	in	total	knee	arthroplasty	Arch.	Orthop.	Trauma	Surg.	131	1341–50	
	

• [11]	Smith	H,	Jan	M,	Mahomed	N	N,	Davey	J	R	and	Gandhi	R	2011	Meta-analysis	and	
systematic	review	of	clinical	outcomes	comparing	mobile	bearing	and	fixed	bearing	total	
knee	arthroplasty	J.	Arthroplasty26	1205–13	
	

• [12]	Li	Y-L,	Wu	Q,	Ning	G-Z,	Feng	S-Q,	Wu	Q-L,	Li	Y	and	Hao	Y	2014	No	difference	in	
clinical	outcome	between	fixed-	and	mobile-bearing	TKA:	a	meta-analysis	Knee	Surg.	
Sports	Traumatol.	Arthrosc.	22565–75	
	

• [13]	Li	N,	Tan	Y,	Deng	Y	and	Chen	L	2014	Posterior	cruciate-retaining	versus	posterior	
stabilized	total	knee	arthroplasty:	a	meta-analysis	of	randomized	controlled	trials	Knee	
Surg.	Sports	Traumatol.	Arthrosc.22	556–64	
	



 13 

• [14]	Molt	M	et	al	2014	Similar	early	migration	when	comparing	CR	and	PS	in	Triathlon™	
TKA:	a	prospective	randomised	RSA	trial	Knee	21	949–54	
	

• [15]	Berry	D	J,	Currier	J	H,	Mayor	M	B	and	Collier	J	P	2012	Knee	wear	measured	in	
retrievals:	a	polished	tray	reduces	insert	wear	Clin.	Orthop.	Relat.	Res.	470	1860–8	
	

• [16]	Wang	A,	Yau	S-S,	Essner	A,	Herrera	L,	Manley	M	and	Dumbleton	J	2008	A	highly	
crosslinked	UHMWPE	for	CR	and	PS	total	knee	arthroplasties	J.	Arthroplasty	23	559–66	
	

• [17]	Saikko	V,	Ahlroos	T	and	Calonius	O	2001	A	three-axis	knee	wear	simulator	with	ball-
on-flat	contact	Wear	249	310–5	
	

• [18]	Affatato	S,	Modena	E,	Carmignato	S,	Grupp	T	M	and	Taddei	P	2013	Quantification	of	
wear	rates	and	plastic	deformation	on	mobile	unicompartmental	UHMWPE	tibial	knee	
inserts	Tribol.	Lett.	52	57–65	
	

• [19]	Quinci	F,	Dressler	M,	Strickland	A	M	and	Limbert	G	2014	Towards	an	accurate	
understanding	of	UHMWPE	visco-dynamic	behaviour	for	numerical	modelling	of	
implants	J.	Mech.	Behav.	Biomed.	Mater.	32	62–75	
	

• [20]	Takahashi	Y,	Tateiwa	T,	Shishido	T,	Masaoka	T,	Kubo	K	and	Yamamoto	K	2016	Size	
and	thickness	effect	on	creep	behavior	in	conventional	and	vitamin	E-diffused	highly	
crosslinked	polyethylene	for	total	hip	arthroplasty	J.	Mech.	Behav.	Biomed.	Mater.	62	399–
406	
	

• [21]	Kurtz	S	M	2004	The	UHMWPE	Handbook:	Ultra-High	Molecular	Weight	Polyethylene	
in	Total	Joint	Replacement	(Amsterdam:	Elsevier)	
	

• [22]	Bills	P,	Brown	L,	Jiang	X	and	Blunt	L	2005	A	metrology	solution	for	the	orthopaedic	
industry	J.	Phys.:	Conf.	Ser.	13	316–9	
	

• [23]	Dowson	D,	McCullage	P	and	Wright	V	1991	UHMWPE	as	a	Biomaterial	in	
Orthopaedic	Surgery	ed	HG	Willert	et	al	(Germany:	Hogrefe	&	Huber	Publishers)	
	

• [24]	Kapłonek	W,	Nadolny	K	and	Królczyk	G	M	2016	The	use	of	focus-variation	microscopy	
for	the	assessment	of	active	surfaces	of	a	new	generation	of	coated	abrasive	tools	Meas.	
Sci.	Rev.	16	42–53	
	

• [25]	Danzl	R,	Helmli	F	and	Scherer	S	2011	Focus	variation—a	robust	technology	for	high	
resolution	optical	3D	surface	metrology	J.	Mech.	Eng.	57	245–56	
	

• [26]	Macdonald	D	A	2014	The	application	of	focus	variation	microscopy	for	lithic	use-
wear	quantification	J.	Archaeol.	Sci.	48	26–33	
	

• [27]	Hiersemenzel	F,	Petzing	J	N,	Leach	R	K,	Helmli	F	S	and	Singh	J	2012	Areal	texture	and	
angle	measurements	of	tilted	surfaces	using	focus	variation	methods	Proc.	of	the	3rd	Int.	
Conf.	on	Surface	Metrology	
[28]	BS	EN	ISO	25178-1	2016	Geometrical	Product	Specifications	(GPS).	Surface	Texture:	
Areal.	Indication	of	Surface	Texture	(London:	British	Standards	Institute) 


