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	23	

Abstract	24	

Stem	modularity	of	revision	hip	implant	systems	offers	the	advantage	of	the	restoration	of	25	

individual	 patient	 geometry	 but	 introduces	 additional	 interfaces,	 which	 are	 subjected	 to	26	

repetitive	bending	loading	and	have	a	propensity	for	fretting	corrosion.	The	male	stem	taper	27	

is	the	weakest	part	of	the	modular	junction	due	to	its	reduced	cross	section	compared	to	the	28	

outside	 diameter	 of	 the	 stem.	 Taper	 fractures	 can	 be	 the	 consequence	 of	 overloading	 in	29	

combination	with	corrosion.	The	purpose	of	this	study	was	to	assess	the	influence	of	implant	30	

design	factors,	patient	factors,	and	surgical	factors	on	the	risk	of	taper	failure	of	the	modular	31	

junction	of	revision	stems.		32	
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An	analytical	bending	model	was	used	to	estimate	the	strength	of	the	taper	connection	for	33	

pristine,	 fatigued	and	 corroded	conditions.	Additionally,	 a	 finite	element	 contact	model	of	34	

the	taper	connection	was	developed	to	assess	the	relative	motion	and	potential	for	surface	35	

damage	at	the	taper	 interface	under	physiological	 loading	for	varying	assembly	and	design	36	

parameters.	37	

Increasing	the	male	taper	diameter	was	shown	to	be	the	most	effective	means	for	increasing	38	

taper	 strength	 but	would	 require	 a	 concurrent	 increase	 in	 the	 outer	 implant	 diameter	 to	39	

limit	a	greater	 risk	of	 total	 surface	damage	 for	a	 thinner	 female	 taper	wall.	 Increasing	 the	40	

assembly	 force	 decreases	 the	 total	 surface	 damage	 but	 not	 local	 magnitudes,	 which	 are	41	

probably	 responsible	 for	 crack	 initiation.	 It	 is	 suggested	 that	 in	 unfavourable	 loading	42	

conditions	a	monobloc	implant	system	will	reduce	the	risk	of	failure.	43	

Keywords	44	

Hip	 revision,	 taper	 junction,	 fracture,	 corrosion,	 fatigue,	 strength,	 titanium,	 finite	 element	45	

model,	surface	damage	46	

Highlights	47	

• Simple	 stress	 analysis	 demonstrates	 the	 limited	 mechanical	 safety	 factor	 at	 the	 stem	48	

taper	 junction	 of	 modular	 hip	 revision	 systems,	 indicating	 that	 patient	 loading	 due	 to	49	

activity	and/or	weight	should	be	limited.	50	

• Increasing	 the	 taper	 junction	 diameter	 increases	 strength	 -	 but	 contact	 analysis	51	

demonstrated	an	increase	in	the	risk	of	total	surface	damage	unless	the	outer	diameter	is	52	

also	increased.	53	

• Contact	 analysis	 demonstrated	 that	 increasing	 the	 assembly	 force	 decreases	 the	 total	54	

surface	damage	but	local	magnitudes	can	still	be	critical.	55	

Introduction	56	

The	 numbers	 of	 revision	 of	 both	 primary	 and	 revision	 hip	 implantations	 are	 steadily	57	

increasing	[1].	Revision	rates	for	first	revision	at	10	years	 in	national	arthroplasty	registries	58	

between	3	%	and	20	%	are	reported	 [2-10].	Revision	rates	of	primary	 implantations	 in	 the	59	

same	registries	are	much	lower	(between	2	%	and	4	%	if	metal-on-metal	bearing	articulation	60	

are	omitted)	 [6,64].	Revision	 implantation	 is	more	challenging	 than	primary	procedures	as	61	

bone	 stock	 has	 often	 been	 lost	 due	 to	 stress	 shielding	 and	 the	 operative	 removal	 of	 the	62	
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primary	 implant	 and	 the	 cement	mantle,	mostly	 in	 the	 proximal	 region.	 In	 anticipation	 of	63	

further	 revision	 procedures	 revision	 stems	 are	 typically	 uncemented,	 and	 are	 therefore	64	

made	of	 titanium	alloys	which	 are	 compatible	with	 bone	 ingrowth.	 They	 are	 anchored	by	65	

press-fit	 in	 the	 distal	 femur.	 This	 necessitates	 a	 femoral	 stem	 that	 is	 longer	 for	 a	 revision	66	

implant	 than	 for	 a	 primary	 stem	 [11].	 Modularity	 has	 found	 widespread	 application	 in	67	

revision	 femoral	 stems	 as	 it	 allows	 for	 intra-operative	 adaptation	 to	 the	 conditions	of	 the	68	

femoral	 bone.	Modular	 systems	 also	 require	 less	 inventory	 than	monobloc	 (non-modular)	69	

systems.	Modular	systems	incorporate	a	taper	junction	between	prosthesis	neck	component	70	

and	stem,	generally	located	in	the	proximal	third	of	the	implant,	allowing	the	distal	stem	to	71	

be	implanted	and	the	proximal	neck	component	to	be	fitted	to	the	anatomy	and	assembled	72	

subsequently.	73	

Failure	 of	modular	 connections	 has	 been	 reported	 to	 occur	 by	 dislocation,	 corrosion	 and	74	

fracture	[12–18].	Failure	by	fracture	of	a	revision	stem	is	reported	at	rates	of	0.9	%	to	3.6	%	75	

[4].	 Fracture	 is	 induced	 mechanically	 by	 fretting,	 involving	 the	 repetitive	 mechanical	76	

disruption	of	the	protective	oxide	surface	layer	of	the	bulk	metal	due	to	oscillating	relative	77	

motion	 between	 two	 surfaces	 in	 contact.	 By	 definition	 the	 amplitude	 is	 smaller	 than	 the	78	

width	 of	 nominal	 contact	 area.	 The	 resulting	 damage	 can	 occur	 due	 to	 wear,	 fatigue	 or	79	

corrosion.	The	process	of	passive	oxide	film	removal	due	to	fretting,	followed	by	corrosion,	is	80	

called	“fretting	corrosion”.	Modular	junctions	in	revision	stems	are	subject	to	high	bending	81	

moments,	due	to	their	offset	(lever	arm)	from	the	joint	force	vector,	especially	in	situations	82	

without	 proximal	 bone	 support.	 Patient	 anatomy	 and	 body	weight	 also	 influence	 bending	83	

loading	 of	 the	 taper	 [14,16,18–20].	 The	 diameter	 of	 the	 intramedullary	 canal	 limits	 the	84	

maximum	diameter	of	the	stem	that	can	be	implanted.	Increased	loading	cannot	always	be	85	

compensated	by	 implant	dimensions,	 leading	 to	 limited	 flexural	 strength	 [14,17–19,23,24].	86	

This	also	applies	to	the	taper	dimensions,	which	are	limited	by	the	outside	diameter	of	the	87	

implant.	Failure	has	also	been	documented	for	the	stem-head	taper	junction,	particularly	in	88	

association	 with	 the	 re-introduction	 of	 large	 diameter	 metal-on-metal	 joints,	 which	 can	89	

generate	increased	joint	friction	moments	[13–18].	90	

Failure	of	revision	stems	is	generally	due	to	fatigue	fracture	[24,25].	Fracture	of	an	implant	91	

occurs	when	stresses	exceed	the	material	strength.	Pristine	components	have	the	greatest	92	

strength,	which	decreases	with	fatigue	 loading	and	corrosion.	Higher	assembly	forces	have	93	
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the	potential	to	reduce	fretting	by	increasing	the	press-fit	[26–28].	A	parametric	analysis	of	94	

the	major	factors	responsible	for	prosthesis	failure	is	not	available.	95	

The	purpose	of	 this	study	was	therefore	to	 investigate	the	 influence	of	 joint	 loading,	stem	96	

taper	 geometry,	 material	 characteristics	 and	 assembly	 force	 on	 potential	 taper	 failure	 of	97	

modular	revision	hip	stems.		98	

Materials	and	Methods	99	

Stress	magnitudes	were	assessed	analytically	 for	different	 realistic	 implant	geometries	and	100	

patient	 loading	 scenarios,	 and	 related	 to	 the	 strength	 of	 the	material	 in	 various	 states	 of	101	

degradation	 by	 fatigue	 and	 corrosion.	 The	 influence	 of	 the	 modular	 taper	 design	 and	102	

assembly	force	on	degradation	of	the	material	by	surface	damage	were	also	analysed,	using	103	

finite	 element	 (FE)	 analysis.	 For	 validation	 of	 the	 analytical	 and	 numerical	 models,	104	

experimental	determination	of	the	fracture	load,	seating	depth	and	gap	opening	at	the	taper	105	

connection	under	different	assembly	loads	were	performed.	106	

A	 clinically	 successful	modular	 THA	 revision	 prosthesis	 system	 (MRP,	 Peter	 Brehm	GmbH,	107	

Germany)	was	used	as	basis	for	the	analysis	[22].	The	femoral	implant	of	the	MRP	consists	of	108	

a	distal	stem	and	a	proximal	neck	piece	(Figure	1A).	For	this	study	a	neck	piece	with	a	CCD	109	

angle	of	130	°	was	used	(Figure	1C).	Both	components	are	made	from	Ti6Al4V	alloy	(Ti)	and	110	

have	an	outside	diameter	of	20	mm.	The	components	are	joined	by	a	taper	connection	with	111	

a	diameter	of	~12	mm	for	 the	male	 taper,	a	 taper	angle	of	1.4	°	 (from	the	mid-axis)	and	a	112	

contact	 length	 between	male	 and	 female	 components	 of	 19.5	mm	when	 assembled.	 The	113	

lateralised	 proximal	 neck	 piece	 in	 combination	 with	 an	 L4	prosthesis	 head	 (+16	mm)	114	

produces	 a	 horizontal	 offset	 of	 53	mm.	 This	 was	 investigated	 as	 a	 worst-case	 loading	115	

scenario	of	the	taper	connection	(“high	offset”;	Figure	1C),	since	this	results	 in	the	highest	116	

bending	moment	possible	at	the	modular	junction.	This	combination	is	not	approved	by	the	117	

manufacturer	but	is	used	clinically.	For	comparison	a	“short”	(-5	mm)	head	with	a	standard	118	

neck	piece	producing	a	horizontal	offset	of	30	mm	was	also	investigated	(“low	offset”;	Figure	119	

1C).	120	

Analytical	121	

A	simple	beam	bending	model	was	used	to	calculate	the	maximum	bending	stresses	𝜎!"#	for	122	

the	 outside	 surface	 of	 the	 male	 taper	 of	 the	 distal	 stem,	 according	 to	 joint	 loading	 and	123	

implant	geometry	(Figure	1B).	The	joint	load	was	assumed	to	act	through	the	centre	of	the	124	
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prosthesis	head,	 in	the	plane	of	the	 implant	and	at	an	angle	𝜃	 to	the	vertical	 implant	axis.	125	

The	bending	moment	M	acting	around	the	centre	of	the	male	taper	of	the	distal	stem,	at	the	126	

level	of	the	open	end	of	the	proximal	neck	piece,	was	calculated	from	the	joint	force	vector	127	

and	 its	distance	∆	 from	this	point	 (Figure	1D).	The	radius	R	of	 the	male	 taper	of	 the	distal	128	

stem	 at	 this	 point	 was	 varied.	 Peak	 joint	 forces	 F	 measured	 in	 vivo	 during	 walking	 and	129	

stumbling	 for	 a	 light	 (60	kg)	 and	 a	 heavy	 patient	 (120	kg)	 [29]	 were	 applied.	 Calculated	130	

stresses	were	compared	with	the	strength	of	pristine	Ti6Al4V	(𝜎𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 = 1000 𝑀𝑃𝑎)	[53],	a	131	

fatigued	 material	 at	 107cycles	 (𝜎𝑓𝑎𝑡𝑖𝑔𝑢𝑒 = 750 𝑀𝑃𝑎)	 [30]	 and	 a	 severely	 corroded	132	

material (𝜎!"##"!"#$ = 200 𝑀𝑃𝑎)	[30].	133	

The	 analysis	 assumes	 linear	 bending	 theory.	 Stresses	 due	 to	 the	 axial	 and	 shear	 force	134	

components	are	neglected	as	they	are	relatively	small	 [63].	 It	was	assumed	that	there	was	135	

no	bony	support	of	the	proximal	neck	piece.		136	

	137	

Figure	1:	A:	The	femoral	component	consisting	of	distal	stem	(1),	proximal	neck	piece	(2),	138	

prosthesis	head	(3);	139	

∆ !
( !

"#
)=

70
𝑚
𝑚

 

∆ !
( !

"#
)=

50
m

m
 

∆!(!"#)= 30𝑚𝑚 
∆!(!"#)= 53𝑚𝑚 

𝜎!"# =
𝑀 ∙ 𝑦!"#

𝐼
=
(𝐹 ∙ ∆) ∙ 𝑅
(𝜋 ∙ 𝑅!/4)

=
4 ∙ 𝐹 ∙ !∆! ∙ cos(𝜃) − ∆! ∙ sin (𝜃)!

𝜋 ∙ 𝑅!
	

𝑅 	

∆! 	

∆! 

𝜃 

Δ 

𝐹 

𝑅 

𝜎!"# 
0 

𝑀 = 𝐹 ⋅ ∆ 

𝜎!"# 
0 

Ä
Ä

ÄÄ

20mm	

D 

B 

C 

A
A

1 2 

3 



PAPER	FACTORS	INFLUENCING	TAPER	FAILURE	

6

B:	Equation	for	the	calculation	of	maximum	bending	stress	𝜎!"#	at	the	male	taper	140	

of	the	distal	stem.	M	is	the	applied	bending	moment,	𝑦!"#	the	maximum	distance	141	

from	the	neutral	plane,	I	is	the	second	moment	of	area	around	the	bending	axis,	F	is	142	

the	joint	force,	Δ	is	the	perpendicular	distance	from	the	force	vector	to	the	taper,	θ	143	

is	the	angle	of	the	joint	force	to	the	vertical	implant	axis	and	R	is	the	radius	of	the	144	

male	taper	at	the	level	of	the	open	end	of	the	proximal	taper	(circular	cross	145	

section);		146	

C:	“High”	and	“low”	offset	geometries	investigated;		147	

D:	Representation	of	the	male	taper	stressed	in	bending	due	to	the	joint	force	and	148	

its	offset	from	the	taper.	The	moment	M	acting	around	the	taper	connection	is	149	

derived	from	the	joint	force	F	acting	at	an	offset	∆	from	the	taper.	150	

Numerical	151	

Fretting	damage	can	occur	when	small	 relative	motions	between	two	 interface	surfaces	 in	152	

contact	 occur	 [21,26],	 which	 abrade	 the	 protective	 oxide	 layers.	 In	 a	 fluid	 environment,	153	

metal	 ions	 can	 leave	 the	bare	metal	 surface,	which	 is	 known	as	 fretting	 corrosion	 [31].	 In	154	

titanium	alloys	this	leads	to	a	roughened	surface	that	causes	stress	concentrations	as	sites	of	155	

crack	nucleation	[32].		156	

A	 finite	 element	model	 of	 the	 stem	 taper	 junction	was	 generated	 (Abaqus	 6.14,	 Dassault	157	

Systèmes,	France)	based	on	CAD	data	of	the	MRP-System	(Figure	2A).	Contact	analysis	of	the	158	

taper	 interface	was	 implemented	 to	 investigate	mechanical	 and	 design	 factors	 potentially	159	

influencing	fretting	damage.	Linearly	elastic,	homogeneous,	isotropic	material	properties	for	160	

the	 titanium	alloy	 Ti6Al4V	 Ti	were	 used	 (E=113.8	GPa;	ν=0.34).	 The	 friction	 coefficient	 for	161	

contact	of	the	alloy	surfaces	was	set	to	µ=0.35	[33,34].		162	

A	mesh	convergence	analysis	 resulted	 in	a	suitable	element	size	of	0.8	mm	on	the	contact	163	

surface	 of	 the	 taper	 junction	 (proximal	 neck	 piece	 and	 distal	 stem),	 resulting	 in	164	

105,837	elements	 for	 the	 distal	 stem	 and	 changes	 of	 less	 than	 2	%	 in	 gap	 opening	 and	165	

seating	 depth	 between	 mesh	 refinements.	 Relative	 shear	 interface	 motion	 and	 contact	166	

pressure	were	sampled	at	each	node	of	the	surface	of	the	male	taper.	Assembly	forces	were	167	

varied	 between	 0.5	kN	 and	 40.0	kN,	 representing	 very	 low	 intraoperative	 values	 and	 very	168	

high	laboratory	values,	respectively.	Physiological	joint	loading	for	a	walking	cycle	of	a	75	kg	169	

patient	was	applied,	according	to	in-vivo	measurements	in	joint	replacement	patients	[29].	170	
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Relative	shear	interface	motion	and	pressure	at	each	node	were	multiplied	to	obtain	a	factor	171	

representing	 relative	 surface	 damage	 for	 ten	 equally	 spaced	 time	 intervals	 of	 the	 loading	172	

cycle	 (based	on	Archard’s	 law	[35,36]).	Total	surface	damage	was	determined	by	summing	173	

over	all	nodes	and	all	time	intervals.	174	

The	 influence	 of	 prosthesis	 design	 was	 investigated	 by	 the	 variation	 of	 the	 male	 taper	175	

diameter	between	8	mm	and	16	mm,	with	the	outside	diameter	of	the	implant	maintained	176	

at	20.0	mm,	the	 length	of	contact	at	19.5	mm	and	the	taper	angle	at	1.4	°	 (Figure	2B).	For	177	

this	parametric	analysis	an	assembly	force	of	11.0	kN	was	applied,	followed	by	the	peak	joint	178	

force	in	a	gait	cycle	[29].	179	

	180	

Figure	2:		A:	The	numerical	model	(grey)	with	loading	applied	to	represent	the	applied	forces	181	

shown;	182	

B:	Variation	of	the	diameter	of	the	male	stem	taper	between	8	mm	and	16	mm.	183	

12	mm	represents	the	clinically	available	implant.	184	

Validation	185	

For	experimental	validation	of	the	analytical	bending	stress	model,	the	fracture	load	of	the	186	

modular	implant	was	determined	and	compared	with	the	analytical	prediction.	The	proximal	187	
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neck	piece	was	assembled	under	9.0	kN	on	a	replica	of	the	distal	stem	piece	(produced	by	188	

the	 implant	manufacturer)	 using	 a	materials	 testing	machine	 (Zwick	 Z010,	 Zwick	GmbH	&	189	

Co.KG,	Germany;	in	accordance	with	ISO	7206-10;	0.04	mm/s).	The	prosthesis	head	was	then	190	

loaded	vertically	until	fracture	of	the	taper	(n=3).	The	peak	force	was	recorded.	191	

For	experimental	validation	of	the	FE	model,	 the	opening	of	the	gap	at	the	taper	 interface	192	

was	measured	in	the	radial	direction	at	the	lateral	side	using	a	chromatic	confocal	sensor	(DT	193	

IFS	 2403-1.5,	 Micro-Epsilon	 Messtechnik	 GmbH,	 Germany;	 measurement	 range:	 1.5	mm,	194	

resolution	60	nm)	mounted	on	the	outside	surface	on	an	aluminium	clamp	(Figure	3A).	The	195	

change	in	distance	to	the	male	taper	surface	was	measured	through	a	1.5	mm	diameter	hole	196	

drilled	through	the	proximal	neck	piece	at	the	lower	edge	of	the	lateral	side.	Measurements	197	

were	repeated	three	times.	198	

The	two	prosthesis	components	were	assembled	quasi-statically	at	0.04	mm/s	(ISO	7206-10)	199	

with	 forces	 of	 0.5,	 5.0	 and	 9.0	kN,	 along	 the	 taper	 axis	 using	 a	materials	 testing	machine	200	

(Zwick	 Z010,	 Zwick	GmbH	&	Co.KG,	Germany).	 After	 assembly,	 a	 joint	 force	 of	 0.5,	 1.5	 or	201	

2.5	kN	was	applied	under	quasistatic	displacement	(0.04mm/s)	to	the	prosthetic	head	with	a	202	

horizontal	offset	of	53	mm	along	an	axis	parallel	to	the	stem	taper	axis	(0.04	mm/s).	The	2.5	203	

kN	joint	force	reflects	magnitudes	measured	for	gait	[29].	The	seating	depth	(Figure	3B)	after	204	

assembly	and	the	gap	opening	(Figure	3C)	at	the	taper	junction	between	the	proximal	neck	205	

piece	and	the	distal	stem	at	the	lateral	side	of	the	female	taper	opening	were	measured.	206	

The	 seating	 depth	was	 derived	 from	 the	 difference	 in	 axial	 position	 of	 the	 proximal	 neck	207	

piece	on	the	distal	stem	component	measured	before	and	after	assembly	using	a	coordinate	208	

measurement	 machine	 (Mitutoyo	 BHN	 305;	 Mitutoyo	 Deutschland	 GmbH,	 Germany;	209	

accuracy	2	µm).	One	measurement	was	performed	for	each	assembly	 force	 (n=3).	No	 joint	210	

force	was	applied	during	these	tests.		211	
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	212	

Figure	3:	A:	Gap	opening	at	the	taper	junction	was	measured	through	a	small	hole	in	the	213	

proximal	neck	piece	using	a	confocal	sensor	mounted	on	the	proximal	neck	piece;		214	

B:	Illustration	of	the	seating	depth	between	the	proximal	neck	piece	and	the	distal	215	

stem	due	to	an	applied	assembly	force;		216	

C:	Illustration	of	the	gap	opening	between	the	proximal	neck	piece	and	the	distal	217	

stem	due	to	joint	force.		218	

Results	219	

Analytical	220	

The	bending	model	predicted	taper	failure	for	the	standard	taper	diameter	(12	mm)	for	the	221	

pristine	material	condition	only	under	high	offset	in	a	heavy	patient	under	a	stumbling	load	222	

(Figure	4).	 The	 same	 implant	 configuration	 failed	 for	 a	 light	 patient	 stumbling	 or	 a	 heavy	223	

patient	walking	for	the	fatigued	material	after	107	loading	cycles.	Increasing	the	male	taper	224	

diameter	to	16	mm	prevented	failure	of	the	pristine	or	fatigued	components	for	any	patient,	225	

geometry	or	loading	(Figure	4).	226	

The	 corroded	 material	 led	 to	 failure	 for	 almost	 any	 condition	 for	 the	 standard	 diameter	227	

taper.	 Increasing	 the	 taper	 diameter	 to	 20	mm,	 which	 would	 correspond	 to	 a	 monobloc	228	

implant	 of	 this	 dimension,	 protected	 against	 failure	 in	 almost	 all	 conditions,	 excepting	 a	229	

heavy	patient	stumbling	with	a	high	offset	implant.	230	
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	231	

Figure	4:	Peak	bending	stresses	for	the	male	taper	of	the	distal	stem	for	low	(60	kg)	and	high	232	

patient	mass	(120	kg),	low	(30	mm)	and	high	offset	(53	mm)	and	varying	diameters	233	

of	 the	 male	 stem	 taper	 (12	mm,	 16	mm	 and	 20	mm).	 Failure	 stresses	 of	 the	234	

different	material	conditions	(pristine,	fatigue	and	corrosion)	are	indicated.	235	

Finite	element	model	236	

An	 increase	 in	 contact	 pressure	 and	 contact	 area	 as	well	 as	 a	 decrease	 in	 relative	motion	237	

under	 joint	 loading	 were	 found	 for	 increasing	 assembly	 force	 (Figure	5A,	 Table	1).	 Gap	238	

opening	 was	 observed	 in	 the	 proximal-lateral	 and	 distal-medial	 regions	 and	 was	 reduced	239	

with	 increasing	assembly	 force	 (Figure	5A,	Table	1).	The	same	peak	magnitude	of	 the	 total	240	

surface	damage	was	observed	for	all	assembly	forces,	despite	decreasing	relative	motion	for	241	

higher	assembly	forces,	due	to	the	 increased	contact	pressure	(Table	1).	Peak	total	surface	242	

damage	was	observed	in	distal-lateral	and	proximal-medial	regions	for	low	assembly	forces	243	

(0.5	kN),	 over	 the	 whole	 of	 the	 lateral	 and	 medial	 surfaces	 for	 increased	 assembly	 force	244	

(11.0	kN)	and	in	the	distal	regions	of	the	lateral	and	medial	surfaces	for	very	high	assembly	245	

loads	(40.0	kN)	(Figure	5A).	The	greatest	total	surface	damage	was	observed	for	the	periods	246	

of	the	joint	loading	cycle	with	the	highest	rates	of	loading	and	unloading	(heel	strike	and	toe	247	

off;	Figure	5B).	The	total	surface	damage	integrated	over	the	taper	surface	for	a	whole	gait	248	

cycle	 decreased	 with	 increasing	 assembly	 force:	 4.33	MPa·mm,	 1.73	MPa·mm	 and	249	

0.14	MPa·mm	for	0.5	kN,	11.0	kN	and	40.0	kN,	respectively	(Figure	5B,	Table	1).		250	

60	kg	patient	 120	kg	patient 
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	251	

Figure	5	:	A:	Contour	plots	of	the	relative	motion,	pressure	and	relative	surface	damage	for	252	

each	tenth	of	the	gait	cycle	for	three	assembly	forces	(the	colours	of	the	frames	253	

reflects	the	different	assembly	forces	and	corresponds	to	the	colours	in	part	B	of	254	

this	figure);		255	

B:	Total	surface	damage	for	the	entire	surface	for	each	tenth	of	the	gait	cycle,	256	

starting	and	ending	with	the	swing	phase	of	the	leg.		257	
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	258	

Table	1:	Maximum	relative	motion	[mm],	contact	pressure	[MPa],	gap	opening	[mm]	during	259	

a	gait	cycle,	and	total	surface	damage	[MPa·mm]	integrated	over	the	whole	gait	260	

cycle	for	the	different	assembly	forces	[kN]	from	the	FE	analysis.	261	

Assembly	
force		
[kN]	

Relative	
motion		
[mm]	

Contact	
pressure		
[MPa]	

Gap	opening	
[mm]	

Total	surface	damage	integrated	
over	the	whole	gait	cycle	

[MPa·mm]	
0.5	 0.01200	 92.24	 0.047	 4.33	

11.0	 0.00540	 128.93	 0.026	 1.73	

40.0	 0.00072	 205.73	 0.003	 0.14	

The	total	surface	damage	of	the	different	taper	diameters	(assembly	force	11.0	kN	and	peak	262	

force	of	physiological	gait	loading)	showed	the	smallest	magnitude	for	condition	“c”	(Figure	263	

6),	which	is	the	design	used	clinically.	264	

	265	

Figure	6:	 Total	surface	damage	of	the	taper	interface	of	the	distal	stem	for	varied	taper	266	

diameter	(8	mm	-	16	mm)	with	a	constant	outside	diameter	of	20	mm,	an	267	

assembly	force	of	11.0	kN	for	the	peak	force	of	physiological	gait	loading.	Design	c	268	

is	the	clinically	available	implant	design.	269	

Validation	270	

Experimental	 failure	 testing	 (Figure	7A)	 resulted	 in	a	mean	 fracture	 load	of	5.65	±	0.61	kN,	271	

with	initiation	of	the	crack	observed	at	the	lateral	side	of	the	distal	stem	taper	(Figure	7B),	272	

similar	 to	 the	 location	 of	 the	 highest	 values	 of	 bending	 stress	 of	 the	 FE-calculation	 and	273	

likewise	 comparable	 to	 in-vivo	 fracture	 images	 of	 the	 taper	 junction	 of	 modular	 revision	274	
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prosthesis	 (Figure	 7C)	 and	 likewise	 comparable	 to	 in-vivo	 fracture	 images	 of	 the	 taper	275	

junction	 of	 modular	 revision	 prosthesis	 (Figure	 7C).	 The	 failure	 force	 predicted	 for	 the	276	

analytical	bending	model	was	6.06	kN,	which	is	an	overestimation	of	less	than	8	%.	277	

	278	

Figure	7:	A:	Experimental	setup	for	the	determination	of	the	fracture	load	of	the	distal	stem	279	

taper;		280	

B:	Fracture	surfaces	of	the	male	taper;	281	

C:	X-ray	of	a	fractured	taper	junction	of	a	modular	revision	hip	system	[65].		282	

Lateral	 gap	opening	 increased	with	applied	 joint	 force	and	decreased	with	assembly	 force	283	

similarly	for	the	numerical	model	and	the	experiment	(Figure	8).	A	maximum	gap	opening	of	284	

86.1±11.1	μm	was	measured	for	0.5	kN	assembly	force	and	a	joint	force	of	2.5	kN.	The	mean	285	

absolute	 error	 for	 the	 gap	 opening	 was	 highest	 for	 the	 lowest	 assembly	 force	 with	 the	286	

highest	joint	force	(21	%).	For	all	other	combinations	the	error	was	less	than	7	%.	287	

The	 seating	 depth	 of	 the	 taper	 increased	with	 increasing	 assembly	 force	 similarly	 for	 the	288	

model	 calculations	 and	 the	 experimental	 measurements	 (Figure	8).	 Seating	 depths	 of	289	

231±20	μm	 and	 754±55	μm	 were	 measured	 for	 assembly	 forces	 of	 0.5	kN	 and	 9.0	kN,	290	

respectively.	 The	 mean	 difference	 between	 calculated	 and	 measured	 seating	 depth	291	

magnitudes	was	between	3	%	and	8	%.		292	

	293	

A	 B	 C	
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	294	

Figure	8:	Comparison	of	experimental	and	numerical	results	(FE-model)	for	gap	opening	and	295	

seating	 depth	 between	 the	 proximal	 neck	 piece	 and	 the	 distal	 stem	 for	 varying	296	

assembly	forces	and	joint	force.	297	

Discussion	298	

In	 this	 study	 various	 implant	 design	 factors,	 as	 well	 as	 surgeon	 and	 patient	 factors	 were	299	

investigated	 for	 their	 potential	 to	 cause	 failure	 of	 modular	 stem	 taper	 connections	 of	300	

femoral	revision	implants.	301	

Design	constraints	for	a	revision	stem	302	

Revision	stems	are	designed	to	achieve	stability	in	the	femoral	diaphysis	to	bypass	regions	of	303	

proximal	bone	 loss.	Their	outside	diameter	 is	 limited	by	the	cross	section	of	the	medullary	304	

canal.	 The	 head	 offset	 and	 angle	 of	 the	 neck	 piece	 should	 be	 matched	 to	 the	 patient’s	305	

anatomy	 to	 achieve	 a	 satisfactory	 functional	 outcome.	 Titanium	 alloy	 is	 used	 for	306	

uncemented	 implants	 due	 to	 its	 biocompatibility	 and	 strength.	 The	 bending	 model	307	

demonstrated	 that	 a	 solid	monobloc	 stem	 can	 have	 the	 strength	 to	 sustain	most	 loading	308	

situations	in	most	patients,	without	proximal	bone	support.	The	diameter	of	the	male	taper	309	

must	 be	 smaller	 than	 the	 outside	 diameter	 of	 a	 monobloc	 design.	 A	 modular	 stem	 is	310	

therefore	 weaker,	 but	 allows	 stable	 diaphyseal	 fixation	 and	 appropriate	 geometrical	311	

reconstruction	to	be	achieved	independently	in	the	operating	theatre	[37].		312	
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The	results	of	the	analytical	model	indicate	that	problems	with	modular	implants	can	occur	313	

for	higher	loading	of	heavy	patients,	a	phenomenon	for	which	is	anecdotal	clinical	evidence	314	

[19,38,39].	 Larger	 patients	 are	 associated	with	 higher	 joint	 loading	 as	well	 as	 higher	 neck	315	

offsets.	Of	all	the	factors	investigated	in	this	study,	increasing	the	taper	diameter	was	shown	316	

to	 provide	 the	 greatest	 advantage,	 since	 implant	 strength	 increases	with	 the	 cube	 of	 the	317	

diameter.	 This	might	 be	 a	 solution	 for	 patients	with	 a	medullary	 canal	 that	 is	 sufficiently	318	

large	to	accommodate	an	increased	stem	diameter.	319	

The	male	taper	diameter	could	also	be	 increased	for	a	given	canal	diameter	by	decreasing	320	

the	wall	 thickness	of	 the	 (outer)	 female	 taper.	 The	numerical	 simulation	 showed	 that	 this	321	

would	 increase	 the	 relative	motion	and	surface	damage	at	 the	 interface.	 Interestingly,	 the	322	

minimum	 relative	 motion	 and	 surface	 damage	 were	 observed	 for	 the	 wall	 thickness	 of	323	

current	 clinical	 designs.	An	 alternative	 solution	would	be	 the	use	 a	monobloc	 implant	 (no	324	

taper	 connection),	 for	 which	 the	 outside	 diameter	 determines	 the	 bending	 strength.	 This	325	

solution	was	shown	to	be	sufficiently	strong	for	most	patients	undertaking	normal	activities.	326	

The	maximum	bending	stress	generated	is	proportional	to	the	lever	arm	of	the	joint	force.	327	

The	 joint	 force	 angle	 remains	 rather	 constant	 in	 the	 femoral	 (or	 stem)	 coordinate	 system	328	

during	a	gait	cycle	and	for	other	activities,	suggesting	that	the	vulnerable	taper	connection	329	

could	 be	 positioned	 in	 the	 area	 where	 it	 intersects	 with	 the	 joint	 force	 vector,	 thus	330	

minimizing	 the	 lever	 arm	and	 the	 risk	of	 failure.	 In	 current	designs	 the	modular	 taper	 lies	331	

above	 this	 position.	 For	 the	 minimum	 head	 offset	 design	 the	 position	 would	 need	 to	 lie	332	

28	mm	 lower	 and	 for	 the	 maximum	 head	 offset	 74	mm	 lower	 than	 current	 designs.	333	

However,	 these	 geometries	 would	 be	 impractical	 as	 they	 would	 interfere	 with	 the	334	

diaphyseal	anchorage	of	the	stem.		335	

Other	factors	influencing	the	mechanical	failure	of	modular	revision	stems	are	related	to	the	336	

patient	and	to	the	surgeon.	If	the	patient	is	heavy	and/or	requires	a	high	offset	neck	but	has	337	

a	small	endosteal	diameter,	and	if	a	larger	diameter	taper	is	not	available,	the	restriction	of	338	

activities	or	even	weight	loss	would	be	indicated	[54-56].	It	is	doubtful	whether	such	advice	339	

to	patients	would	be	practical.	340	

One	of	the	surgeon	factors	investigated	in	the	current	study	was	the	assembly	force	applied	341	

over	the	taper	connection.	This	does	not	affect	the	immediate	post-operative	strength	of	the	342	

stem	but	rather	 the	 loss	of	 taper	strength	with	time,	by	accelerating	and	accentuating	the	343	
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fatigue	 process	 of	 the	 material.	 Fatigue	 is	 inevitable	 and	 will	 reduce	 the	 strength	 of	 the	344	

material	 by	 10	%	 at	 just	 105	cycles	 (less	 than	one	year	 of	 standard	post-operative	 activity)	345	

and	approaches	a	limit	of	20	%	reduction	at	107	cycles	(~a	few	years,	depending	on	age	and	346	

activity)	 [40–42].	 The	 influence	 of	 corrosion	 on	 implant	 failure	 is	 currently	 undergoing	347	

extensive	 research	 for	 the	 head-stem	 junction	 [43–46].	 Corrosion	 of	 titanium-titanium	348	

modular	connections	has	 led	to	clinical	failure	by	accentuated	fatigue	[47]	and	by	a	 loss	of	349	

strength	due	to	a	transition	of	the	bulk	metal	to	the	crumbly	oxide	[48].	In	the	current	study	350	

this	 effect	 was	 investigated	 for	 the	 stem	 taper,	 which	 is	 subjected	 to	 a	 larger	 bending	351	

moment	 than	 the	 head-stem	 taper.	 The	magnitudes	 of	motion	 simulated	 at	 this	 interface	352	

support	 the	 suggestion	 that	 fretting	corrosion	 is	 likely	 to	occur	at	 this	 interface.	Assuming	353	

that	the	combination	of	relative	shear	motion	and	contact	pressure	causes	surface	damage,	354	

maximum	surface	damage	was	observed	during	heel	strike	and	toe	off,	where	the	rates	of	355	

change	of	loading	are	maximum	(Figure	5B).	The	integration	of	relative	surface	damage	over	356	

a	whole	gait	cycle	was	an	order	of	magnitude	higher	for	the	low	assembly	force	(0.5	kN)	than	357	

for	the	manufacturer’s	suggested	magnitude	(11.0	kN).	Application	of	a	very	large	assembly	358	

force	 (40.0	kN)	 reduced	 total	 surface	 damage	 by	 a	 further	 8	%	 but	 high	 local	magnitudes	359	

were	still	observed.	Therefore,	increasing	the	assembly	force	may	not	completely	eliminate	360	

local	fretting.	361	

Corrosion	can	only	occur	in	a	fluid	environment	[49–52].	The	gap	opening	measured	in	the	362	

current	 study	 could	 allow	 joint	 fluid	 to	 enter	 the	 interface.	 On	 the	 other	 hand,	 runaway	363	

crevice	 corrosion	occurs	 in	 relatively	 stagnant	 fluid	 conditions,	 in	which	 the	 fluid	becomes	364	

increasingly	acidic	and	corrosive	[51].	Fluid	can	permeate	the	interface	without	any	loading,	365	

regardless	of	the	assembly	force,	due	to	the	surface	roughness	(unpublished	data),	so	that	366	

gap	opening	may	have	little	further	impact.	367	

Limitations	368	

The	analytical	and	numerical	models	presented	were	shown	to	be	valid	representations	of	369	

similar	 experimental	models.	However,	 various	 factors	were	 neglected	 that	may	 influence	370	

clinical	implant	performance.	Neglecting	proximal	bone	support	represents	worst	case	taper	371	

loading,	 but	 may	 represent	 clinical	 reality	 [57-60].	 Stumbling	 also	 represents	 worst	 case	372	

loading.	It	is	unknown	how	frequently	this	occurs	[61,62].	373	
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The	 strength	 of	 the	 pristine	 and	 fatigued	 material	 without	 corrosion	 is	 well	 defined	 but	374	

further	 loss	 of	 strength	 due	 to	 corrosion	 is	 difficult	 to	 measure.	 Corrosion	 in	 titanium	375	

modular	connections	between	head	and	stem	has	been	observed	to	lead	to	material	loss	as	376	

the	titanium	is	converted	to	a	crumbly	oxide	[48].	This	has	not	yet	been	reported	for	revision	377	

stems,	but	their	fatigue	is	apparently	accentuated	by	surface	corrosion,	which	roughens	the	378	

surface	and	facilitates	crack	initiation	[13,45-47].		379	

A	single	implant	design	was	used	as	a	template	in	the	current	study.	Many	of	the	implants	380	

available	 have	 a	 similar	 geometry,	 due	 to	 their	 constraint	 by	 anatomical	 geometry.	 The	381	

implant	used	would	therefore	seem	to	be	representative	of	other	implants.	382	

Conclusions	383	

This	study	addressed	revision	 implantation	without	any	proximal	bone	support	around	the	384	

neck	 piece.	 For	 this	 situation	 the	 mechanical	 limits	 of	 modular	 revision	 implants	 can	 be	385	

exceeded,	particularly	after	some	time	in	the	body,	and	in	larger	patients.	Since	a	voluntary	386	

reduction	of	 implant	 loading	by	 the	 restriction	of	 activities	or	by	weight	 loss	 is	 difficult	 to	387	

ensure,	 a	 larger	diameter	 implant	or	 a	monobloc	design	 should	be	 considered	 in	 order	 to	388	

increase	implant	strength.	This	would	require	a	greater	inventory	in	the	hospital	and	might	389	

be	restricted	to	specialized	centres.	Increasing	the	assembly	force	was	shown	to	increase	the	390	

contact	 pressure	 and	 decrease	 the	 relative	 interface	 motion.	 However,	 an	 increased	391	

assembly	 force	 does	 not	 eliminate	 local	wear	 or	 fretting	 entirely,	 demonstrating	 that	 any	392	

taper	junction	can	carry	the	risk	of	corrosion.		393	

	 	394	
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