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Stephen	Pheasant
30	March	1949-30	March	1996

(Reprinted	from	the	Second	Edition	of	Bodyspace)
Stephen,	who	died	at	 the	 tragically	early	age	of	47,	will	be	 remembered	by	a	 large	and

diverse	 group	 of	 friends,	 colleagues,	 students,	 courtroom	 colleagues	 and	musicians.	 This
alone	 is	 testimony	 to	 a	 man	 whose	 undoubted	 intellectual,	 creative	 and	 communicative
skills	were	matched	only	by	his	verve	and	energy	in	a	wealth	of	areas.
Stephen	 was	 raised	 in	 Islington	 before	 going	 up	 to	 Gonville	 and	 Caius	 College,

Cambridge	 to	 read	Medical	 Science	 in	 1968.	His	 contemporaries	will	 perhaps	 remember
him	 best	 for	 his	 passion	 for	 free	 jazz	 and	 his	 role	 in	 taking	 the	 musically	 based	 shows
‘Stony	Ground’	and	‘Make	Me,	Make	You’	to	the	Edinburgh	Fringe	in	consecutive	years.
His	 earlier	 experience	with	 the	National	Youth	 Jazz	Orchestra,	 and	 the	 inspiration	of	 his
hero	Charlie	 Parker,	 no	 doubt	 influenced	 him	 to	 form	 the	Steve	Pheasant	Quintet,	which
played	at	the	White	Hart	Inn,	Drury	Lane	from	the	mid-1970s	to	the	early	1980s.	A	close
friend	and	band	member,	Iain	Cameron,	recalls	Steve's	versatility	and	be-bop	creativity	on
sax,	his	occasional	vocal	rendering	of	‘Let	the	good	times	roll’	and	the	band's	‘sit	in’	style,
in	a	manner	which	reflects	the	enthusiasm	and	participative	spirit	of	the	man.	This,	coupled
with	a	burning	commitment,	are	instantly	recognized	in	his	professional	career.
Stephen's	students	at	 the	Royal	Free	Hospital	and	University	College,	where	he	lectured

for	many	years	in	anatomy,	biomechanics	and	ergonomics,	could	rarely	have	encountered	a
more	 exceptional	 communicator.	 His	 ability	 to	 conceptualize	 and	 then	 project	 complex
biomechanical	 functions	 in	 a	 suitable	 mode	 for	 student	 learning	 were	 testimony	 to	 his
instinct	 for	education	and	scholarship.	He	 followed	with	keen	 interest	 the	progress	of	 the
ergonomists	he	helped	 train.	His	academic	and	 textbook	publications	were	recognized	for
their	application	and	clarity,	a	talent	acknowledged	through	the	1985	award,	sponsored	by
the	New	Scientist,	 for	writing	about	 science	 in	plain	English.	Such	 skills	were	 inevitably
sought	by	other	academic	institutions	and	learned	societies;	thus	he	was	always	high	on	the
invited	 speaker	 lists	 of	 conference	organisers.	Professional	 societies,	 including	 the	Royal
Society	of	Medicine	and	the	Royal	College	of	Nursing	recognized	his	abilities,	as	did	 the
British	School	of	Osteopathy,	where	he	held	an	honorary	chair.
Stephen's	 written	 output	 was	 prolific,	 and	 his	 textbooks,	 including	 the	 first	 edition	 of

Bodyspace	 (1986)	 and	 Ergonomics,	Work	 and	 Health	 (1991)	 have	 become	 standards	 on
reading	 lists	 around	 the	 world.	 His	 research	 output	 was	 recognized	 by	 the	 Ergonomics
Society	with	 the	award	of	 the	Sir	Frederick	Bartlett	Medal	 in	1982,	 jointly	with	his	close
colleague	 Professor	 Donald	 Grieve.	 His	 published	 data	 of	 human	 dimensions	 have	 been
cited	 in	more	 ergonomic	 designs	 than	 perhaps	 any	 other,	 and	we	 are	 grateful	 too	 for	 his
contribution	to	improved	design	of	equipment,	tools	and	many	other	artefacts	of	work	and
leisure	use.
When	he	moved	from	the	academic	world,	he	chose	to	enter	the	field	of	personal	injury

litigation.	 In	 particular,	 Stephen	 specialized	 in	 work-related	 musculoskeletal	 damage,
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including	 back	 pain	 and	 repetitive	 strain	 injury.	 As	 an	 expert	 witness,	 most	 frequently
acting	 on	 behalf	 of	 the	 injured	 party,	 he	was	 perhaps	 at	 his	most	 fulfilled.	His	 desire	 to
challenge	orthodoxy,	his	 intellectual	 skills,	 his	 ability	 to	 communicate,	his	 love	of	 fierce
debate	and	his	instinct	for	‘telling	a	good	story’	were	all	given	full	rein	in	such	an	arena.	I
have	 rarely	 seen	 him	 happier	 than	when	we	 developed	 litigious	 arguments	 or	 exchanged
courtroom	 anecdotes	 with	 the	 help	 of	 a	 good	 Bordeaux.	 I	 am	 sure	 that	 adversaries	 and
colleagues	alike	will	sorely	miss	his	presence	and	his	skills.
Stephen	 knew	 of	 his	 failing	 health	 but	 never	 slowed	 in	 his	 endeavours;	 his	 output	was

prodigious.	His	mother	and	his	partner,	Sheila	Lee,	have	much	to	bear.	Family,	colleagues,
students	 and	 friends	 will	 remain	 indebted	 to	 Stephen,	 each	 in	 our	 own	 way.	 He	 will	 be
remembered	with	affection,	respect	and	regard.	I	know	I	speak	for	many	when	I	say	I	have
lost	an	inspiring	friend.
Dr.	Peter	Buckle

April	1996
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Bodyspace:	Anthropometry,
Ergonomics	and	the	Design	of	Work,

Third	Edition

Stephen	Pheasant

Christine	M.	Haslegrave
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Editor
Christine	M.	Haslegrave	is	a	senior	lecturer	at	the	Institute	for	Occupational	Ergonomics	at
the	University	of	Nottingham	and	an	editor	of	 the	 journal	Ergonomics.	She	 is	a	chartered
engineer	 as	 well	 as	 a	 fellow	 of	 the	 Ergonomics	 Society.	 In	 1995,	 she	 received	 the	 Otto
Edholm	Award	of	the	Ergonomics	Society	for	significant	contributions	to	applied	research
in	 ergonomics.	 Her	 research	 at	 the	 Institute	 for	 Occupational	 Ergonomics	 includes
investigation	of	workplace	design,	working	postures,	the	biomechanical	demands	of	manual
materials	 handling	 tasks,	 work	 redesign	 in	 relation	 to	 health	 and	 safety	 problems	 in
industry,	and	vehicle	ergonomics	in	design	and	manufacture.	She	is	involved	in	the	training
of	 groups	 of	 industrial	 engineers	 and	 health	 and	 safety	 professionals,	 and	 has	 served	 on
various	 standards	 committees.	 She	was	 previously	 head	 of	 the	 ergonomics	 section	 at	 the
Motor	Industry	Research	Association,	Nuneaton	for	several	years,	with	interests	in	vehicle
safety	and	ergonomic	design	and	evaluation.	Her	research	there	included	interior	packaging
for	 vehicles,	 fit	 of	 safety	 belts	 and	 other	 restraint	 systems,	 and	 design	 of	 impact	 test
dummies,	 as	 well	 as	 organising	 a	 large	 scale	 anthropometric	 survey	 of	 U.K.	 vehicle
occupants.
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Foreword
It	has	been	almost	20	years	since	the	first	edition	of	Bodyspace	appeared.	Over	this	time	it
has	 become	 clear	 that	 the	 science	 of	 ergonomics	 and	 its	 application	 to	 modern	 work
systems	 has	 never	 been	 needed	 more.	 The	 benefits	 of	 good	 ergonomics	 accrue	 to
individuals,	 organisations	 and	 society	 alike.	 Sadly,	 the	 catalogue	 of	 disasters	 such	 as
Chernobyl,	Bhopal,	Piper	Alpha	and	a	series	of	high	profile	rail	accidents	provide	graphic
examples	 of	 why	 ergonomists	 are	 needed.	 The	 need	 for	 an	 understanding	 of	 behaviour,
capacities	and	needs	of	humans	prior	to	the	implementation	of	a	complex	system	has	been
identified	over	 and	over	 again.	Tragically,	 the	professionals	with	 the	 required	knowledge
and	 skills	 are	 consulted,	 too	 frequently,	 only	 after	 the	 event.	 I’m	 sure	 that	many	 of	my
ergonomics	colleagues	would	agree	 that	 the	call	 to	action	 rarely	comes	during	 the	design
process	but	rather	as	a	desperate	plea	following	an	acute	or	chronic	system	failure.
If	the	major	acute	complex	system	failure	is	the	focus	of	public	and	media	attention,	then

chronic	system	failure	is	the	silent	enemy.	The	increase	in	sickness	days	and	work	output
lost	 to	 musculoskeletal	 problems	 such	 as	 back	 pain	 and	 so	 called	 RSI	 (repetitive	 strain
injury),	the	rapidly	escalating	problems	of	stress-related	disorders	and	their	increasing	cost
to	our	economies	are	all	testament	to	poorly	designed	work	systems.
As	 ergonomists	 struggle	 to	 communicate	 to	 others	 the	 need	 for	 system	 design,	 we

continue	 to	 see	 chronic	 disasters	 developing	 around	 us.	One	 such	 problem	 is	 that	 of	 the
healthcare	 system	which	 frequently	 fails	 the	 end	 user,	 that	 is	 the	 patient,	when	 safety	 is
compromised.
At	a	more	readily	appreciable	level,	the	continuous	rise	of	technology	and	communication

systems	 has	 often	 failed	 to	 consider	 the	 wider	 needs	 of	 the	 intended	 user	 group.	 For
example,	how	many	senior	members	of	the	population	do	we	now	hear	complaining	of	the
inaccessibility	 of	modern	 technological	 gadgets,	 for	 example	mobile	 phones,	 whose	 text
and	keypad	size	is	starting	to	exclude	all	but	the	most	sharp-eyed	youngsters	with	nimble
fingers?
At	another	 level,	we	are	 frequently	asked	 to	assist	companies	at	an	organisational	 level

where	 there	 remains	 a	 reluctance	 to	 understand	 and	 implement	 basic	 concepts	 based	 on
ergonomics	principles	that	could	have	lasting	impact	on	their	efficiency.	It	is,	of	course,	of
concern	 that	 the	 business	 case	 for	 even	 simple,	 user-focused	 design	 is	 still	 under-
documented.	It	 is	perhaps	too	obvious	that	a	well-designed	tool	will	perform	better	in	the
hands	of	the	skilled	operator	than	a	poorly	designed	one.	The	failure	to	record	and	cost	this
adequately	 leads,	 too	 frequently,	 to	 the	 good	 design	 being	 replaced	 by	 cheaper,	 less
effective	substitutes.
The	 knowledge	 base	 on	 which	 ergonomics	 rests	 grows	 significantly	 year	 by	 year.	 The

need	 for	 authoritative,	 contemporary	 and	 above	 all	 usable	 reference	 sources	 is	 therefore
great.	Bodyspace	is	an	example	of	that	rare	breed	of	text	that,	upon	publication	of	the	first
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edition,	 found	 favour	 with	 both	 academics	 and	 practitioners.	 Such	 publications	 do	 not
happen	by	chance,	and	it	is	undoubtedly	a	lasting	testimony	to	Stephen	that	his	writing	is	as
accessible	 and	entertaining	now,	 some	20	years	 after	 the	original	 edition,	 as	when	 it	was
first	put	into	print.
When	 Stephen	 died	 in	March	 1996,	 it	 was	 difficult	 to	 see	 how	 such	 an	 important	 text

could	 subsequently	 be	 updated	 to	 reflect	 the	 inevitable	 new	 knowledge	 base	 that	 would
develop.	 The	 update	 in	 this	 third	 edition	 has	 been	 provided	 by	 Christine	 Haslegrave.
Christine's	task	should	not	be	underestimated,	as	not	only	has	she	skillfully	integrated	new
knowledge	 into	 the	 existing	 text	 but	 she	 has	 achieved	 this	 without	 losing	 the	 unique,
idiosyncratic,	English	style	of	writing	that	has	proved	so	immensely	popular	with	students
and	others.	Whilst	the	underlying	concepts	of	Bodyspace	have	remained	constant,	the	book
now	 reflects	 contemporary	 knowledge	 in	 areas	 such	 as	 office	 ergonomics,	 the	 design	 of
hand	 tools,	 the	development	of	standards	and	new	developments	 in	methods,	 for	example
three-dimensional	 anthropometry.	 Importantly,	 these	 developments	 lead	 us	 to	 see
Bodyspace	as	not	solely	a	reference	text,	but	also	as	a	thought-provoking	and	challenging
document	that	enables	us	to	think	more	clearly	about	where	and	how	ergonomics	impacts
on	the	world	today.
As	a	director	of	a	large	and	successful	postgraduate	degree	course	in	ergonomics,	I	know

what	a	valuable	 text	 this	 is	not	 just	because	of	 its	content,	but	 in	how	it	engages	students
and	practitioners	alike	and,	like	all	great	educational	texts,	how	it	encourages	its	readers	to
think	beyond	the	written	page.
Professor	Peter	Buckle

University	of	Surrey
October	2004
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He	who	would	do	good	to	another	must	do	it	in	Minute	Particulars:
General	Good	is	the	plea	of	the	scoundrel,	hypocrite	and	flatterer,
For	Art	&	Science	cannot	exist	but	in	minutely	organized	Particulars.
And	not	in	generalising	Demonstrations	of	the	Rational	Power.
William	Blake,	Jerusalem,	1815,	pl.	55,	11.60–64
I	design	plain	truth	for	plain	people.
John	Wesley,	Sermon,	1746.
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Part	I

Ergonomics,	Design	and	Anthropometry
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Chapter	1

Introduction	to	Ergonomic	Design
1.1	Introduction

Several	 similar	 contests	with	 the	 petty	 tyrants	 and	marauders	 of	 the	 country
followed,	 in	 all	 of	 which	 Theseus	 was	 victorious.	 One	 of	 these	 was	 called
Procrustes	or	the	stretcher.	He	had	an	iron	bedstead	on	which	he	used	to	tie	all
travellers	who	fell	into	his	hands.	If	they	were	shorter	than	the	bed	he	stretched
their	 limbs	 to	make	 them	fit;	 if	 they	were	 longer	 than	 the	bed	he	 lopped	off	a
portion.	Theseus	served	him	as	he	had	served	others.
From	The	Age	of	Fable	by	Thomas	Bulfinch	(1796–1867)

Prior	to	her	injury,	‘Janice’	worked	as	a	word	processor	operator	for	a	medium-sized	firm
of	management	 consultants	 just	 outside	London.	 She	worked	 in	 a	 typing	 pool	with	 three
other	 girls.	 One	 day,	 one	 of	 the	 partners	 in	 the	 firm	 needed	 to	 get	 a	 lot	 of	 information
entered	onto	a	database	in	a	hurry	—	and	it	occurred	to	him	that	Janice	might	work	faster	if
she	was	in	a	room	on	her	own	where	she	could	not	waste	time	chattering	with	her	friends.
So	 he	 had	 a	 computer	 terminal	 set	 up	 for	 her	 in	 the	 firm's	 library.	 It	 was	 placed	 on	 an
antique	wooden	 desk.	 This	was	 somewhat	 higher	 than	 the	 standard	 office	 desk	 (antiques
often	are).	It	had	two	plinths	and	a	‘kneehole	drawer’	in	the	space	between	them	where	the
user	sits.	Janice	found	that	however	she	sat	at	this	desk	she	could	not	get	into	a	comfortable
working	position.	She	noticed	in	particular	that	her	wrists	were	not	at	their	normal	angle	to
the	keyboard.	It	was	during	the	early	part	of	the	afternoon	that	she	first	began	to	be	aware	of
a	 dull	 ache	 at	 the	 backs	 of	 her	 wrists.	 This	 rapidly	 became	 worse	 until	 she	 was	 in
considerable	discomfort.	So	she	told	her	boss	about	it.	His	response	(as	it	was	subsequently
alleged)	 was	 to	 say:	 “Stop	 whingeing	 and	 get	 on	 with	 your	 work!”	 So	 Janice	 did.	 As	 a
result,	she	developed	an	acute	tenosynovitis	affecting	the	extensor	tendons	of	both	wrists.
Her	condition	subsequently	became	chronic,	and	she	was	no	 longer	able	 to	 type.	She	 lost
her	job	and	was	forced	to	take	up	less	well-paid	employment	as	a	traffic	warden.	She	took
legal	 action	against	her	 employers,	who	eventually	 settled	 ‘on	 the	courtroom	steps’	 for	 a
substantial	sum	of	money.
What	lessons	may	we	learn	from	the	story	of	‘Janice’,	over	and	above	the	more	obvious

ones	 concerned	 with	 management	 style	 and	 so	 on?	 Janice's	 injury	 was	 the	 result	 of	 a
mismatch	between	 the	demands	of	her	working	 task	and	 the	capacity	 of	 the	muscles	 and
tendons	 of	 her	 forearms	 to	 meet	 those	 demands.	 To	 put	 it	 another	 way,	 the	 excessive
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stresses	 to	which	 these	 body	 structures	were	 exposed	 stemmed	 from	 her	 being	 forced	 to
adapt	 to	 an	 unsatisfactory	working	 position,	which	was	 in	 turn	 the	 result	 of	 a	mismatch
between	the	dimensions	and	characteristics	of	her	workstation	and	those	of	its	user.
Injuries	of	this	sort	are	common	enough	(although	in	Janice's	case	the	causative	factors	in

question	 are	 perhaps	 unusually	 clear-cut	 ones).	 Indeed	 in	 many	 parts	 of	 the	 world	 the
incidence	 of	 such	 injuries	 is	 said	 to	 be	 reaching	 epidemic	 proportions.	 The	 problem	 of
musculoskeletal	 injury	 at	 work	—	 important	 as	 it	 may	 be	 in	 both	 economic	 and	 human
terms	—	is	but	one	small	facet	of	a	much	larger	class	of	issues	involving	the	interactions
between	human	beings	and	the	objects	and	environments	they	design	and	use.
To	say	that	we	live	in	an	artificial	world	is	something	of	a	truism.	Look	around	you.	It	is

unlikely	that	you	are	reading	this	in	a	desert	wilderness.	More	probably	you	are	indoors	in	a
furnished	room,	or	in	a	moving	vehicle,	or	at	least	in	a	cultivated	garden.	It	is	all	too	easy	to
ignore	the	simple	fact	that	most	of	the	visible	and	tangible	characteristics	of	the	artificial
environments	in	which	we	spend	the	greater	part	of	our	lives	are	the	consequences	of	design
decisions.	By	no	means	are	all	of	the	decisions	that	 lead	to	the	creation	of	these	artificial
environments	 made	 by	 professional	 designers.	 They	 may	 be	 the	 results	 of	 extensive
planning	or	of	momentary	whims.	They	represent	choices	that	have	been	made,	which	could
have	been	made	differently	but	were	by	no	means	inevitable.
All	 too	often,	however,	 the	artefacts	that	we	encounter	in	our	human-made	environment

are	like	so	many	Procrustean	beds	to	which	we	must	adapt.	Why	should	this	be	so?	There	is
a	science	that	deals	with	such	matters.	It	is	called	ergonomics.

1.2	What	is	Ergonomics?
Ergonomics	is	the	science	of	work:	of	the	people	who	do	it	and	the	ways	it	is	done,	of	the
tools	and	equipment	they	use,	the	places	they	work	in,	and	the	psychosocial	aspects	of	the
working	situation.
The	word	ergonomics	 comes	 from	 the	Greek	ergos,	work,	 and	 nomos,	 natural	 law.	The

word	was	coined	by	the	late	Professor	Hywell	Murrell,	as	a	result	of	a	meeting	of	a	working
party	which	was	held	in	Room	1101	of	the	Admiralty	building	at	Queen	Anne's	Mansions
on	8	July	1949,	at	which	it	was	resolved	to	form	a	society	for	‘the	study	of	human	beings	in
their	working	environment’.	The	members	of	this	working	party	came	from	backgrounds	in
engineering,	medicine	and	the	human	sciences.	During	the	course	of	the	war,	which	had	just
ended,	they	had	all	been	involved	with	research	of	one	sort	or	another	into	the	efficiency	of
the	fighting	man,	and	they	took	the	view	that	the	sort	of	research	they	had	been	doing	could
have	important	applications	under	peacetime	conditions.	There	did	not	seem	to	be	a	name
for	what	 they	 had	 been	 doing,	 however,	 so	 they	 had	 to	 invent	 one	 and	 finally	 settled	 on
ergonomics.
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The	word	work	admits	a	number	of	meanings.	 In	a	narrow	sense	 it	 is	what	we	do	 for	a
living.	Used	 in	 this	way,	 the	 activity	 in	 question	 is	 defined	 by	 the	 context	 in	which	 it	 is
performed	 rather	 than	 by	 its	 content.	 Unless	 we	 have	 some	 special	 reason	 for	 being
interested	 in	 the	 socioeconomic	 aspects	 of	 work,	 however,	 this	 usage	 is	 arbitrary.	 Some
people	 play	 the	 violin,	 keep	 bees	 or	 bake	 cakes	 to	make	 a	 living;	 others	 do	 these	 things
solely	for	pleasure	or	for	some	combination	of	the	two.	The	content	of	the	activity	remains
the	same.
There	is	a	broader	sense,	however,	in	which	the	term	work	may	be	applied	to	almost	any

planned	or	purposeful	human	activity,	particularly	if	it	involves	a	degree	of	skill	or	effort	of
some	 sort.	 In	 defining	 ergonomics	 as	 a	 science	 concerned	with	 human	work,	 we	will	 in
general	be	using	the	word	in	this	latter	and	broader	sense.	Having	said	this,	it	would	also	be
true	that	throughout	its	50	years	of	history,	the	principal	focus	of	the	science	of	ergonomics
has	tended	to	be	upon	work	in	the	occupational	sense	of	the	word.
Work	involves	the	use	of	tools.	Ergonomics	is	concerned	with	the	design	of	these	—	and

by	extension	with	the	design	of	artifacts	and	environments	for	human	use	in	general.	If	an
object	 is	 to	 be	used	by	human	beings,	 it	 is	 presumably	 to	be	used	 in	 the	performance	of
some	purposeful	task	or	activity.	Such	a	task	may	be	regarded	as	work	in	the	broader	sense.
Thus	to	define	ergonomics	as	a	science	concerned	with	work	or	as	a	science	concerned	with
design	means	much	the	same	thing	at	the	end	of	the	day.
The	ergonomic	 approach	 to	design	may	be	 summarised	 in	 the	principle	 of	 user-centred

design:

If	an	object,	 a	 system	or	an	environment	 is	 intended	 for	human	use,	 then	 its
design	 should	 be	 based	 upon	 the	 physical	 and	 mental	 characteristics	 of	 its
human	 users	 (insomuch	 as	 these	 may	 be	 determined	 by	 the	 investigative
methods	of	the	empirical	sciences).

The	object	 is	 to	achieve	 the	best	possible	match	between	the	product	 (object,	 system	or
environment)	being	designed	and	its	users,	in	the	context	of	the	(working)	task	that	is	to	be
performed	(Figure	1.1).	 In	other	words,	ergonomics	 is	 the	science	of	fitting	the	job	to	 the
worker	and	the	product	to	the	user.
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Figure	1.1

User-centred	design:	the	product,	the	user	and	the	task.

1.2.1	What	Criteria	Define	a	Successful	Match?
The	answer	to	this	question	will	depend	upon	the	circumstances.	Criteria	that	are	commonly
important	in	achieving	a	successful	match	include	the	following:

Functional	efficiency	(as	measured	by	productivity,	task	performance,	etc.)
Ease	of	use
Comfort
Health	and	safety
Quality	of	working	life

The	ergonomic	approach	is	to	consider	all	relevant	criteria,	not	simply	to	design	for	one
criterion	at	 the	 expense	of	others.	Fitting	 the	 job	 to	 the	worker	 involves	 consideration	of
health	 and	 quality	 of	 working	 life	 just	 as	 much	 as	 of	 productivity,	 and	 efficiency	 and
quality	of	performance	are	influenced	by	all	three	(see	Figure	1.1).

1.2.2	What	If	These	Criteria	Prove	Incompatible?
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Ergonomists	often	argue	that	this	problem	is	not	as	big	as	it	seems.	There	is	some	truth	in
this.	There	are	without	doubt	circumstances	in	which	ergonomic	improvements	introduced
in	the	interests	of	health	and	safety	have	a	positive	pay-off	in	terms	of	productivity	—	and
vice	versa.	Likewise,	the	product	that	is	easy	to	use	will	probably,	for	that	very	reason,	be
both	safe	and	efficient	in	its	operation.	It	is	the	difficult-to-use	products	that	are,	in	general,
unsafe	 and	 inefficient.	 It	 would	 be	 naïve	 to	 pretend,	 however,	 that	 these	 sorts	 of	 basic
criteria	that	we	have	invoked	to	define	a	good	fit	are	never	 in	conflict,	and	the	deeper	we
fish	in	these	waters,	the	more	difficult	the	problem	becomes.
The	celebrated	American	product	liability	case	of	Grimshaw	v.	Ford	Motor	Company	 in

1981	(Jones,	1986)	 is	 illustrative	—	notwithstanding	that	 it	does	not	deal	with	ergonomic
issues	as	such.	Briefly,	the	facts	were	these.	The	defendants	discovered	a	fault	in	the	design
of	the	petrol	tank	of	one	of	their	models,	which	meant	that	it	was	likely	to	explode	in	rear-
end	 collisions.	On	 the	 basis	 of	 certain	 alleged	 cost-benefit	 analyses,	 they	 decided	 that	 it
would	be	cheaper	in	the	long	run	to	pay	damages	for	the	fatalities	and	injuries	that	resulted
than	to	redesign	the	car	and	opted	to	take	no	further	action.	Outraged	by	this	cynical	view	of
the	economic	value	of	human	life	and	limb,	an	American	jury	awarded	punitive	damages	of
$125	million	against	the	defendants	—	much	greater	than	any	economic	benefits	that	might
have	 accrued	 to	 the	 defendants	 from	 failing	 to	 take	 proper	 steps	 to	 contain	 the	 hazard.
Regrettably	perhaps,	this	was	reduced	upon	appeal	to	$3.5	million.
This	 is	 a	 somewhat	 gross	 example.	Cost-benefit	 trade-offs	with	 implications	 for	 health

and	safety	are	a	fact	of	everyday	industrial	life	(as	any	personal	injury	lawyer	will	tell	you).
The	 fragmented	 and	 repetitive	 short-cycle	 time	 tasks	 of	 industrial	 assembly	 remain	 an
efficient	 enough	 way	 of	 producing	 many	 of	 the	 manufactured	 goods	 demanded	 by	 the
consumer	economy,	but	does	this	production	process	not	have	hidden	costs?	The	physical
injuries	 that	 result	 are	 easy	enough	 to	 recognise,	 and	we	could	 in	principle	 (if	we	chose)
compute	the	costs	of	such	injuries	and	incorporate	them	into	some	overall	system	of	cost-
benefit	analysis	or	social	audit.	But	does	it	stop	there?	Does	work	of	this	sort	result	in	more
subtle	sorts	of	personal	injury?
By	 its	 very	 nature,	 the	 applied	 discipline	 that	we	 call	 ergonomics	 sits	 on	 the	 boundary

between	the	domain	of	empirical	science	and	the	domain	of	ethical	values.	That	is	one	very
good	reason	that	it	is	important.

1.3	Anthropometrics
Anthropometry	 is	 the	 branch	 of	 the	 human	 sciences	 that	 deals	with	 body	measurements,
particularly	with	measurements	of	body	size,	shape,	strength,	mobility	and	flexibility	and
working	 capacity.	 Humans	 are	 variable	 (in	 dimensions,	 proportions	 and	 shape,	 as	 in	 all
other	characteristics),	and	user-centred	design	requires	an	understanding	of	this	variability.
Anthropometrics	 is	an	 important	branch	of	ergonomics.	 It	 stands	alongside	 (for	example)
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cognitive	 ergonomics	 (which	 deals	 with	 information	 processing),	 environmental
ergonomics	and	a	variety	of	other	identifiable	subdisciplines	which	progress	(in	parallel,	as
it	were)	towards	the	same	overall	end	of	fitting	the	job	to	the	worker	and	the	product	to	the
user.
This	book	 is	principally	concerned	with	 the	anthropometric	 side	of	ergonomics,	 that	 is,

with	matching	the	physical	form	and	dimensions	of	the	product	or	workplace	to	those	of	its
user	and	likewise	with	matching	the	physical	demands	of	the	working	task	to	the	capacities
of	the	workforce.	We	shall	be	developing	these	issues	at	length	in	due	course	—	but	first	a
brief	 digression	 on	 human	 proportion	 (the	 relationships	 between	 anthropometric
dimensions	of	body	regions).

1.4	Human	Proportion:	An	Historical	Perspective
In	discussing	classical	styles	of	architecture,	people	often	use	the	expression	‘designed	to
the	human	scale’.	The	implication	is	that	such	buildings	are	aesthetically	well	proportioned
and	 convey	 a	 certain	 sense	 of	 rightness	 and	 harmony.	 What	 does	 this	 mean?	 The	 idea
certainly	 goes	 back	 a	 very	 long	 way,	 and	 it	 is	 closely	 linked	 historically	 to	 the	 various
canons	 of	 human	 proportion	 which	 have	 been	 employed	 by	 artists	 and	 sculptors	 since
ancient	times.
The	 tomb	 painters	 of	 ancient	 Egypt	 (who	 worked	 in	 elevation	 only	 and	 knew	 no

perspective)	 are	 known	 to	 have	 employed	 a	 modular	 grid	 for	 the	 preparation	 of	 their
preliminary	drawings	of	 the	human	figure.	The	standing	 figure	was	divided	 into	14	equal
parts,	 and	 the	 grid	 intersections	 corresponded	 to	 certain	 predetermined	 anatomical
landmarks.
Modular	 systems	 of	 this	 sort	 (and	 their	 equivalents	 in	 terms	 of	 mathematical	 ratios

between	 the	 dimensions	 of	 body	 parts)	 evolved	 initially	 as	 simple	 aids	 to	 drawing,	 and
indeed	rules	of	thumb	of	this	sort	are	still	taught	in	life	classes	today.
In	classical	 times,	however,	 the	 theory	of	human	proportions	began	 to	assume	a	deeper

significance,	 and	 it	 came	 to	 be	 thought	 that	 certain	 whole-number	 ratios	 between	 the
dimensions	of	the	body	and	its	component	parts	were	inherently	‘harmonious’	in	the	sense
of	being	aesthetically	pleasing.	The	argument	was	probably	made,	in	the	first	instance,	by
analogy	with	musical	 harmony.	 The	 physics	 of	 vibrating	 pipes	 and	 stretched	 strings	was
known	to	Pythagoras	(c.	582–500	B.C.).
Unfortunately,	 the	 systems	 of	 human	 proportions	 used	 by	 the	 sculptors	 of	 classical

antiquity	are	 for	 the	most	part	 lost	 to	us.	The	single	 remnant	of	 these	 systems	which	has
been	 passed	 down	 to	modern	 times	 concerns	 the	 female	 nude,	 in	 which	 the	 nipples	 and
umbilicus	 are	 represented	 as	 making	 an	 equilateral	 triangle.	 (We	 have	 to	 allow	 for	 the
effects	of	side	bending	of	the	trunk,	or	contrapposto,	as	it	is	called	by	artists.)	You	can	see
this	 relationship	clearly	 in	 the	Venus	de	Milo	 for	example,	 as	well	 as	 in	paintings	of	 the
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Renaissance	 and	Baroque	 periods,	 as	 diverse	 in	 the	 actual	 physical	 types	 they	 portray	 as
Botticelli	 and	 Rubens.	 It	 is	 absent,	 however,	 in	 painters	 who	 derive	 their	 style	 from
Northern	Gothic	tradition,	for	example	Cranach.
The	 most	 detailed	 system	 of	 human	 proportions	 which	 has	 come	 down	 to	 us	 from

classical	 times	 is	 that	 of	 the	 Roman	 architectural	 theorist	 Vitruvius,	 writing	 some	 time
around	the	year	15	B.C.	Many	of	Vitruvius'	body-part	ratios	are	familiar	to	us	from	archaic
units	of	measurement.	The	stature	of	a	‘well-made	man’,	for	example,	is	held	to	be	equal	to
his	 arm	 span	 (one	 fathom	 or	 two	 yards),	which	 in	 turn	 is	 equal	 to	 four	 cubits	 (from	 the
elbow	to	the	fingertip),	six	foot	lengths	and	so	on.	Vitruvius	makes	it	clear	that	he	regards
this	‘science’	of	human	proportions	as	being	a	fundamental	principle	in	building	design.
The	celebrated	drawing	of	Vitruvian	Man	by	Leonardo	da	Vinci,	in	which	a	male	figure	is

drawn	 circumscribed	within	 a	 square	 and	 a	 circle,	 must	 be	 one	 of	 the	most	 overworked
visual	 images	 around.	 By	 Leonardo's	 day,	 the	 theory	 of	 human	 proportions	 had	 become
bound	up	with	that	of	the	‘golden	proportion’	or	‘golden	ratio’.	It	became	accepted	as	fact
that	the	umbilicus	divides	the	stature	of	the	standing	(male)	person	in	golden	section:	that
is,	such	that	the	ratio	of	the	greater	part	to	the	whole	is	equal	to	that	of	the	lesser	part	to	the
greater	part.
By	this	stage	the	entire	affair	was	acquiring	distinctly	metaphysical	overtones.	It	is	these

overtones	that	are	invoked	perhaps	in	the	expression	‘designing	to	the	human	scale’.	If	the
phrase	has	any	more	pragmatic	meaning	we	have	been	unable	to	discern	it.
We	may	 think	of	Leonardo	 (1452–1519)	 and	his	 younger	 contemporary	Albrecht	Dürer

(1471–1528)	 as	 standing	 on	 the	 watershed	 between	 modern	 empiricism	 and	 the	 earlier
classical	 tradition,	 with	 Leonardo	 looking	 backwards	 and	 Dürer	 looking	 forwards.	 The
classical	tradition	was	prescriptive.	It	dealt	with	idealised	human	beings	as	they	ought	to	be
according	 to	 some	 preexisting	 aesthetic	 or	 metaphysical	 principle,	 rather	 than	 as	 real
human	beings	as	they	actually	are.	Dürer's	Four	Books	of	Human	Proportions,	by	contrast,
may	 be	 regarded	 as	 the	 beginnings	 of	 modern	 scientific	 anthropometry.	 In	 them	 Dürer
attempts	 to	 categorise	 and	 catalogue	 the	 diversity	 of	 human	 physical	 types,	 and	 his
exquisite	illustrations	are,	by	his	account	of	the	matter	at	least,	based	upon	the	systematic
observation	and	measurement	of	large	numbers	of	people.
There	is	a	curious	footnote	to	this	history.	The	classical	tradition	briefly	reasserted	itself

in	the	middle	years	of	the	twentieth	century	in	the	work	of	the	celebrated	French	architect
Le	 Corbusier	 (1887–1965).	 His	 definitive	 treatment	 of	 the	 subject,	 The	 Modulator:	 A
Harmonious	 Measure	 to	 the	 Human	 Scale	 Universally	 Applicable	 to	 Architecture	 and
Mechanics,	 is	 an	 obscure	 work	 thought	 by	 many	 to	 be	 profound.	 It	 was	 the	 same	 Le
Corbusier	who	said,	‘A	house	is	a	machine	for	living	in’,	and	thus	became	one	of	the	patron
saints	of	the	school	of	design	known	as	‘functionalism’	(of	which	more	anon).
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1.5	Ergonomics	and	Design
What	is	meant	when	we	hear	that	a	product	is	‘ergonomically	designed’?	Regrettably,	the
short	answer	to	this	question	is	all	too	often	‘not	very	much’.	Nowadays	the	term	is	widely
used	(or	misused)	in	advertising	circles.	One	frequently	sees	it	employed,	for	example,	in
the	marketing	of	fancy,	overpriced	and	overdesigned	furniture	(particularly	office	furniture)
which	 is	 supposed	 to	be	good	 for	you	 in	 terms	of	 some	 theory	or	another	 (which	may	or
may	not	be	correct)	concerning	how	to	sit	correctly.	The	worst	examples	of	these	are	very
expensive	 indeed	 and	 ergonomically	 quite	 unsatisfactory.	 We	 can,	 of	 course,	 choose	 to
shrug	this	off	with	the	thought	that	‘if	people	are	daft	enough	to	buy	this,	it's	their	own	silly
fault’.	 However,	 to	 the	 responsible	 professional	 ergonomist	 this	 state	 of	 affairs	 is
regrettable	 in	 the	 extreme,	 not	 least	 in	 that	 it	 can	 only	 bring	 his	 or	 her	 profession	 into
disrepute.	(We	shall	return	to	the	ergonomics	of	furniture	in	general	and	office	furniture	in
particular	in	Chapter	7.)
Occasionally,	 the	 misuses	 of	 the	 term	 ergonomically	 designed	 have	 an	 appealing

surrealist	 quality.	 There	 was	 once	 an	 account	 in	 a	 Sunday	 newspaper	 of	 ‘ergonomically
designed	 pasta’,	 which	 was	 (we	 were	 told)	 designed	 for	 ease	 of	 straining	 and	 sauce
retention.	(This	could	be	called	fitting	the	noodles	to	the	user.)
Here	 is	 a	 good,	 straightforward,	 common	 sense	 way	 to	 recognise	 an	 ergonomically

designed	product,	which	 is	quoted	 from	a	pamphlet	published	by	 the	Ergonomics	Society
(now	unavailable)	entitled	Ergonomics:	Fit	for	Human	Use.

Try	using	it.	Think	forward	to	all	of	the	ways	and	circumstances	in	which	you
might	use	 it.	Does	 it	 fit	your	body	size	or	could	 it	be	better?	Can	you	see	and
hear	 all	 you	 need	 to	 see	 and	 hear?	 Is	 it	 hard	 to	 make	 it	 go	 wrong?	 Is	 it
comfortable	to	use	all	the	time	(or	only	to	start	with)?	Is	it	easy	and	convenient
to	use	(or	could	it	be	improved)?	Is	it	easy	to	learn	to	use?	Are	the	instructions
clear?	Is	it	easy	to	clean	and	maintain?	Do	you	feel	relaxed	after	a	period	of	use?
If	the	answer	to	all	of	these	is	‘yes’	then	the	product	has	probably	been	thought
about	with	the	user	in	mind.

Let	 us	 now	 look	 a	 little	 harder	 at	 the	 issue	 of	 functional	 design	 —	 first	 from	 the
standpoint	 of	 design	 history.	 The	 American	 architect	 Louis	 Sullivan	 is	 credited	 with
originating	 the	 slogan	 ‘form	 follows	 function’	 (c.	 1895),	 his	 implication	 being	 that
functional	considerations	alone	are	 sufficient	 to	determine	 the	 form	of	an	object	and	 that
ornament	 is	 therefore	 superfluous.	 According	 to	 this	 theory,	 functional	 objects	 are,	 of
necessity,	aesthetically	pleasing.	This	is	called	‘functionalism’.	It	was	the	dominant	theory
underlying	the	so-called	Modern	Movement	in	design.
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When	we	consider	such	modern	classics	as	the	Marcel	Breuer	Wassily	chair	(1925)	or	the
Mies	van	der	Rohe	Barcelona	chair	(1929),	we	find	very	little	relationship	between	the	form
of	these	seats	and	that	of	the	human	body	which	it	is	(presumably)	their	function	to	support.
The	fact	that	such	pieces	are	commonly	referred	to	as	‘occasional	chairs’	implies	that	they
are	 without	 particular	 function	—	 except	 to	 be	 used	 occasionally.	 (In	 fairness	 we	 must
admit	 that	 the	Barcelona	chair	was	 in	 fact	designed	for	 the	King	of	Spain	 to	sit	on	at	 the
opening	of	an	exhibition.)
If	we	look	back	to	earlier	periods	of	furniture	design,	for	example	to	the	early	years	of	the

eighteenth	 century	 in	 Britain,	 we	 find	 a	 very	 different	 state	 of	 affairs.	 The	William	 and
Mary,	Queen	Anne	and	early	Georgian	periods	produced	furniture	in	general,	and	chairs	in
particular,	 that	 showed	a	closeness	of	 functional	 relationship	with	 the	human	body	which
has	never	been	excelled	(Figure	1.2).	Consider	the	William	and	Mary	winged	chair	and	the
variety	of	ways	in	which	it	may	provide	the	postural	support	necessary	for	relaxation	or	the
Queen	Anne	dining	chair	 (sometimes	known	as	 the	Hogarth	chair)	with	 its	gently	curved
back	which	reflects	the	form	of	the	human	spine.	Neither	should	we	ignore	those	furniture
types	of	the	Georgian	period	designed	for	various	specific	functions:	the	library	or	‘cock-
fighting’	chairs	which	gentlemen	would	sit	astraddle,	the	feminine	equivalent	for	kneeling
upon,	 the	reading	stands	and	even	the	‘night	 table’	on	which	to	empty	the	contents	of	 the
pockets.	 All	 these	 bespeak	 a	 paramount	 concern	 for	 user	 requirements	—	 a	 relationship
between	maker	and	user	which	 is	also	apparent	 in	much	vernacular	design	 (perhaps	most
clearly	so	in	the	hand	tools	used	by	wood-workers	and	other	craftsmen).

Figure	1.2

Form	and	function:	eighteenth-century	style	and	twentieth-century	style.	(Upper	row,	left	to	right)	William	and	Mary
winged	 armchair,	 Queen	 Anne	 dining	 chair,	 early	 Georgian	 library	 chair.	 (Lower	 row)	Wassily	 chair	 by	Marcel
Breuer,	Barcelona	chair	by	Mies	van	der	Rohe.	For	a	contrast	see	Figure	5.10.
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At	some	 time	around	 the	midpoint	of	 the	eighteenth	century,	we	see	 function	gradually
playing	 an	 increasingly	 accessory	 role	 as	 design	 became	 dominated	 by	 a	 succession	 of
aesthetic	 theories	 or	 styles:	 neoclassicism,	Gothic,	 etc.	 Paradoxically,	 the	most	 recent	 of
these	 styles	 is	 called	 ‘functionalism’,	 but	 it	 should	 be	 seen	 as	 an	 aesthetic	 demand	 for
absence	of	ornament,	‘truth	to	materials’,	etc.,	rather	than	a	particular	concern	with	end	use.
Functionalism	 is	 essentially	 a	 visual	 metaphor	 by	 which	 a	 designed	 object	 may	 acquire
certain	desirable	connotations.
Discussions	during	a	period	of	time	teaching	design	students	were	the	origin	of	the	five

fundamental	 fallacies	 of	 design	which	 are	 set	 out	 in	Table	1.1.	 They	 revolve	 around	 two
principal	 themes.	 The	 first	 is	 the	 contrast	 between	 the	 investigative	 methods	 of	 the
empirical	 sciences	 and	 the	 creative	 problem-solving	methods	 of	 the	 designer	 which,	 for
want	of	a	better	word,	we	could	call	intuitive.	The	second	theme	is	that	of	human	diversity.
This	can	be	thought	of	as	the	single	most	important	characteristic	of	people	to	be	borne	in
mind	 in	 the	 world	 of	 practical	 affairs	 in	 general	 and	 of	 design	 in	 particular.	 To	 put	 it
plainly,	people	come	in	a	variety	of	shapes	and	sizes	—	to	say	nothing	of	their	variability	in
strength,	dexterity,	mentality	and	taste.	As	we	shall	see,	the	five	fallacies	are	increasingly
difficult	to	refute.

Table	1.1
The	Five	Fundamental	Fallacies
No.
1

This	design	is	satisfactory	for	me	—	it	will,	therefore,	be	satisfactory	for	everybody	else.

No.
2

This	design	is	satisfactory	for	the	average	person	—	it	will,	therefore,	be	satisfactory	for	everybody	else.

No.
3

The	variability	of	human	beings	is	so	great	that	it	cannot	possibly	be	catered	for	in	any	design	—	but	since
people	are	wonderfully	adaptable,	it	doesn't	matter	anyway.

No.
4

Ergonomics	is	expensive,	and	since	products	are	actually	purchased	on	appearance	and	styling,	ergonomic
considerations	may	conveniently	be	ignored.

No.
5

Ergonomics	is	an	excellent	idea.	I	always	design	things	with	ergonomics	in	mind	—	but	I	do	it	intuitively	and
rely	on	my	common	sense	so	I	don't	need	tables	of	data	or	empirical	studies.

Not	many	people	would	express	the	first	fallacy	in	so	many	words,	but	in	implicit	form	it
is	 very	 widespread.	 How	 many	 products	 are	 actually	 tested	 at	 the	 design	 stage	 on	 a
representative	 sample	 of	 users?	 More	 commonly	 the	 evaluation	 of	 a	 design	 proposal	 is
entirely	subjective.	The	designer	considers	the	matter,	tries	out	the	prototype	and	concludes
that	it	‘feels	all	right	to	me’,	with	the	clear	implication	that,	if	it	is	satisfactory	for	me,	it
will	 be	 for	 other	 people	 too.	 In	 general,	 objects	 designed	 by	 the	 stronger	 or	 more	 able
members	of	 the	population	can	create	 insurmountable	difficulties	 for	 the	weaker	and	 less
able.	Women	frequently	say	with	exasperation,	‘You	can	tell	it	was	designed	by	a	man!’
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The	first	fallacy	is	closely	linked	with	the	last	by	the	concept	of	empathy,	of	which	more
anon;	 it	 is	 also	closely	 linked	 to	 the	 second	since	most	people	consider	 themselves	 to	be
more	 or	 less	 average.	 Suppose	 we	 were	 to	 determine	 the	 dimensions	 of	 a	 door	 by	 the
average	height	and	breadth	of	the	people	who	were	to	pass	through	it.	The	50%	of	people
taller	than	average	would	bang	their	heads;	the	50%	wider	than	average	would	have	to	turn
sideways	 to	 squeeze	 themselves	 through.	 Since	 the	 taller	 half	 of	 the	 population	 are	 not
necessarily	the	wider	half,	we	would,	in	fact,	satisfy	or	accommodate	less	than	half	of	our
users.	 Nobody	 would	 make	 such	 an	 elementary	 mistake	 in	 designing	 a	 door,	 but	 in	 our
experience,	 the	 second	 fallacy	 turns	 up	 quite	 frequently	 in	 the	work	 of	 students,	 of	 both
design	and	ergonomics,	who	have	only	partially	grasped	the	principles	of	anthropometrics.
Obviously	 enough,	we	must	 seek	 to	 accommodate	 the	 largest	 percentage	 possible	 of	 the
user	population	(see	Chapter	2).
The	third	fallacy	really	has	the	ring	of	truth.	Human	beings	are	indeed	very	adaptable	—

they	will	put	up	with	a	great	deal	and	might	not	necessarily	complain.	In	the	example	we
have	just	quoted,	the	taller	half	of	the	population	would	presumably	learn	to	duck.	This	is
the	 Procrustean	 approach	 to	 design.	 Adaptation	 to	 the	 Procrustean	 bed	 commonly	 has
hidden	 costs	 in	 terms	 of	 ill	 health,	 although	 only	 rarely	 are	 these	 as	 dramatic	 as	 an
amputated	 limb.	 Consider	 the	 economic	 losses	 occasioned	 by	 the	 extensive	 range	 of
musculoskeletal	disorders	which	may	be	attributed	to	faulty	workspace	design:	back	pain,
neck	pain,	 repetitive	 strain	 injuries,	 and	 so	 on	 (see	Chapter	9).	 The	 variability	 of	 human
beings	is	great,	but	it	can	be	accommodated	through	empirical	design	(see	Chapters	2	and
3).
Part	of	the	refutation	of	the	fourth	fallacy	rests	upon	these	hidden	costs	of	adaptation.	In

addition	we	should	consider	 that	 the	design	process	not	only	 responds	 to	consumer	needs
but	 in	some	measure	creates	 them	as	well.	We	could	question	 the	extent	 to	which	(a)	 the
public	 gets	 what	 the	 public	 wants,	 (b)	 the	 public	 wants	 what	 the	 public	 gets,	 or	 (c)	 the
public	 knows	 perfectly	 well	 what	 it	 wants	 but	 can't	 get	 it	 and	 puts	 up	 with	 whatever	 is
available.	 Superimposed	 over	 these	 possibilities	 are	 the	 effects	 of	 marketing	 and
advertising	on	the	one	hand	and	consumer	pressure	groups	and	legislation	on	the	other.	The
objects	that	the	designer	creates	reflect	the	society	in	which	they	are	created.	In	some	cases,
consumer	 pressure	 leads	 to	 the	 introduction	 of	 ergonomic	 features	 into	 design.	 This	 has
happened	 quite	 dramatically	 in	 recent	 years	 in	 the	 area	 of	 computer	 technology.	 The
computer	 workstations	 of	 today	 are	much	 better	 than	 those	 of	 a	 decade	 or	more	 ago	—
principally	because	of	the	effects	that	consumer	pressure	has	had	on	market	forces.	In	some
areas,	consumers	are	prepared	to	pay	extra	for	quality.	In	Chapter	8	we	shall	consider	 the
desirability	 of	 providing	 kitchen	 worksurfaces	 at	 a	 range	 of	 heights	—	 this	 is	 perfectly
possible	 technically	 but	 is	 generally	 deemed	 uneconomic.	 For	 which	 quality	 would	 the
informed	consumer	rather	pay	extra:	an	elegant	finish	with	gleaming	worktops	and	polished
brass	cupboard	door	furniture	or	ease	of	use	and	less	backache?	However,	beyond	all	these
considerations	 is	 the	 simple	 fact	 that	 making	 something	 the	 right	 size	 is	 often	 no	more
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expensive	than	making	it	the	wrong	size.	The	decision	to	ignore	ergonomics	on	grounds	of
economics	is	often	just	an	excuse.
The	 fifth	 and	 final	 fallacy	 involves	 some	 rather	 complex	 issues.	 The	 intuition	 and

common	sense	of	which	we	speak	in	this	context	is	sometimes	called	‘empathy’,	and	if	you
are	a	designer	you	may	well	have	it	in	abundance.	(Whether	it	is	an	innate	gift	or	the	fruit
of	 experience	 is	 another	 matter.)	 Empathy	 is	 an	 act	 of	 introspection	 or	 imagination	 by
which	 one	 may	 place	 oneself	 in	 another	 person's	 shoes.	 It	 could	 be	 argued	 that,	 by
empathetically	 casting	 oneself	 in	 the	 role	 of	 the	 user,	 the	 act	 of	 designing	 for	 others
becomes	 an	 extension	 of	 designing	 for	 oneself	 and	 the	 traditional	 subjective	 approach
becomes	 valid.	 In	 some	 measure	 this	 is	 probably	 true,	 but	 can	 these	 intuitions	 really
circumvent	the	problems	of	human	diversity?	Can	we	really	imagine	how	somebody	quite
different	from	ourselves	would	experience	a	certain	situation?
This	question	seems	never	to	have	really	been	put	to	the	test.	Psychologically	it	is	a	very

interesting	one.	In	general	we	would	predict	that	empathy	would	increase	with	 things	 like
social	 and	 demographic	 proximity	 (as	 measured	 by	 age,	 sex,	 etc.)	 or	 with	 similarity	 in
physical	 characteristics	 such	 as	 strength	 and	 fitness,	 attitudinal	 characteristics	 and	 so	on.
For	any	given	degree	of	proximity	or	similarity,	we	should	obviously	expect	some	people	to
be	more	 empathic	 than	 others.	Were	we	 able	 to	measure	 this	 trait,	we	might	 find	 that	 it
correlates	 in	 interesting	ways	with	other	personality	characteristics.	What	 sorts	of	people
are	 the	 most	 empathic?	 Regrettably,	 however,	 this	 all	 remains	 within	 the	 realms	 of
speculation.
The	 term	common	sense	 also	 deserves	 some	 scrutiny,	 not	 least	 because	 you	 often	 hear

people	say	(perhaps	with	a	measure	of	 truth),	 ‘Ergonomics	—	that's	 just	common	sense!’
As	a	rule,	statements	like	this	should	be	viewed	with	circumspection.	At	one	time	the	term
sensa	communis	was	used	to	refer	to	a	(hypothetical)	physiological	system	which	integrated
the	 separate	 functions	 of	 the	 traditional	 five	 senses	 of	 vision,	 hearing,	 touch,	 taste	 and
smell.	Common	sense	underwent	a	major	shift	of	meaning,	however,	with	its	modern	usage
(as	 far	 as	we	can	 tell)	being	established	by	 the	eighteenth	century	or	 thereabouts.	We	all
think	we	know	what	it	means	because	we	all	have	it.	At	one	level,	expressions	like	‘that's
just	common	sense!’	can	be	used	as	a	justification	for	the	blind	acceptance	of	an	untested
hypothesis.	 We	 must	 also	 distinguish	 common	 sense	 from	 common	 knowledge	 and
conventional	 wisdom.	 There	 are	 those	 who	 think	 that	 common	 sense	 and	 the	 scientific
method	are	much	the	same	thing	—	the	latter	being	a	refined	version	of	the	former.	There
seems	to	be	a	measure	of	truth	in	this.	We	would	only	add	that	common	sense	sometimes
seems	remarkably	rare.

1.6	The	User-Centred	Approach
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We	 have	 described	 the	 ergonomic	 approach	 to	 design	 as	 user-centred.	 How	 may	 we
characterise	this	description	more	fully?	One	way	would	be	in	terms	of	methodology.	The
science	of	ergonomics	has	built	up	both	a	substantial	organised	body	of	knowledge	about
human	 capacities	 and	 limitations	 and	 a	 repertoire	 of	 investigative	methods	 for	 acquiring
such	 knowledge	 and	 for	 practical	 problem	 solving.	 Two	 particular	 techniques	 deserve
special	attention:	task	analysis	and	the	user	trial.	For	a	more	detailed	treatment	of	these	and
of	ergonomics	methodology	 in	general,	 the	 reader	 is	 recommended	 to	 turn	 to	Wilson	and
Corlett	(2005).
Advice	to	students	of	both	design	and	ergonomics	is	that	‘every	good	project	starts	with	a

task	analysis	and	ends	with	a	user	trial’.	All	too	often	this	goes	unheeded,	and	the	resulting
design	solution	is	inadequate,	either	facilitating	only	some	aspects	of	the	use	of	the	product
(just	those	that	occurred	to	the	designer	without	any	systematic	analysis)	or	satisfying	only
some	 of	 the	 potential	 users.	 Task	 analysis	 and	 user	 trials	 are	 both	 extremely	 simple	 in
concept	—	to	the	point	perhaps	of	being	‘just	common	sense’	—	but	they	help	the	designer
avoid	falling	into	the	trap	of	any	of	the	five	fallacies.
A	 task	 analysis	 is	 a	 formal	 or	 semiformal	 attempt	 to	 define	 and	 state	 what	 the

user/operator	is	actually	going	to	do	with	the	product/system/environment	in	question.	This
is	 stated	 in	 terms	 of	 the	 desired	 ends	 of	 the	 task,	 the	 physical	 operations	 the	 user	 will
perform	and	the	information	processing	and	decision	making	it	entails.	Each	of	these	steps
in	the	task	is	then	considered	in	turn	to	identify	the	physical	and	cognitive	requirements	and
assess	 these	 against	 the	 capacities,	 skills	 and	 limitations	 of	 the	 expected	 users.	 The
environmental	constraints	 that	might	pertain	and	any	potential	hazards	are	also	noted.	An
effective	 task	 analysis	 will	 clarify	 the	 overall	 goals	 of	 the	 project,	 establish	 the	 design
criteria	 that	need	 to	be	met	and	point	out	 the	most	 likely	areas	of	mismatch.	This	clearly
establishes	the	user's	needs	and	expresses	them	in	terms	of	design	criteria	against	which	the
final	prototype	can	be	evaluated.
A	 user	 trial	 is	 just	 what	 its	 name	 suggests:	 an	 experimental	 investigation	 in	 which	 a

sample	of	people	 test	a	prototype	version	of	 the	product	under	controlled	conditions.	The
subjects	 in	 the	 trial	 must	 be	 chosen	 with	 care.	 Ideally	 they	 should	 be	 a	 representative
sample	of	the	population	of	users	for	whom	the	end	product	is	ultimately	intended.	There
would	be	little	point	in	trying	out	some	new	high-tech	product	on	the	technophiles	down	the
corridor	if	it	is	ultimately	going	to	be	used	by	the	technophobes	in	the	street.	Sometimes,	as
a	deliberate	strategy,	it	makes	sense	to	test	a	product	on	those	sorts	of	people	who	are	likely
to	have	the	most	difficulty	using	it	—	the	technologically	naïve,	the	elderly	and	infirm,	and
so	on	—	on	the	grounds	that,	if	they	can	cope,	then	the	product	will	also	be	acceptable	for
the	 more	 able	 majority.	 (This	 is	 the	 equivalent	 of	 the	 principle	 of	 the	 limiting	 user	 in
anthropometrics	which	we	shall	encounter	in	the	next	chapter.)	We	must	likewise	take	care
to	ensure	that	 the	circumstances	under	which	the	trial	 is	conducted	are	a	reasonably	valid
approximation	 to	 those	 of	 real-world	 use	 and	 that	 the	 product	 is	 tested	 in	 a	 range	 of
scenarios	typical	of	its	various	uses.
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The	 user-centred	 approach	 can	 be	 characterized	 in	 terms	 of	 the	 features	 in	 Table	 1.2,
which	will	also	serve	as	a	summary	of	much	of	what	has	gone	before	in	this	chapter.	The
methodology	of	task	analysis	and	user	trials	focuses	the	design	requirements	clearly	on	the
users.	User	trials	can	collect	opinions	and	suggestions	from	the	representative	sample	who
participate	 in	 the	 trials	 as	 well	 as	 taking	 measurements	 (whether	 by	 observation	 of
behaviour,	 recording	 physical	 responses	 or	 requesting	 subjective	 judgements),	 and	 these
can	then	be	used	to	evaluate	the	success	or	degree	of	inadequacy	of	the	prototype.	Design	is,
by	its	nature,	an	iterative	process,	continuously	looking	for	and	testing	solutions	to	design
problems	—	or,	for	the	ergonomic	aspects	of	the	design,	mismatches	—	until	the	prototype
is	 judged	 to	 meet	 the	 design	 criteria	 which	 were	 defined	 after	 the	 task	 analysis.	 This
empirical	approach	has	an	additional	advantage	 in	providing	data	which	can	be	used	 in	a
cost-benefit	analysis	of	alternative	design	solutions,	assisting	the	ergonomist	or	designer	in
overcoming	the	scepticism	of	project	managers	and	finance	controllers	who	are	susceptible
to	 the	 third	 and	 fifth	 fallacies.	 This	 accompanies	 the	 pragmatic	 approach	 to	 give
ergonomics	 requirements	equal	weight	with	other	design	 requirements	and	 to	achieve	 the
best	possible	outcome	for	the	user	within	the	constraints	imposed	by	technology,	cost	and
other	constraints.
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Table	1.2
User-Centred	Design
User-centred	design	is	empirical.

It	 seeks	 to	 base	 the	 decisions	 of	 the	 design	 process	 upon	 hard	 data	 concerning	 the	 physical	 and	 mental
characteristics	of	human	beings,	their	observed	behaviour	and	their	reported	experiences.	It	is	distrustful	both	of
grand	 theories	and	 intuitive	 judgements	—	except	 insomuch	as	 these	may	be	used	as	 the	starting	points	 for
empirical	studies.

User-centred	design	is	iterative.

It	 is	a	cyclic	process	 in	which	a	research	phase	of	empirical	studies	 is	 followed	by	a	design	phase,	 in	which
solutions	are	generated	which	can	in	turn	be	evaluated	empirically.

User-centred	design	is	participative.

It	seeks	to	enrol	the	end-user	of	the	product	as	an	active	participant	in	the	design	process.

User-centred	design	is	non-Procrustean.

It	deals	with	people	as	they	are	rather	than	as	they	might	be;	it	aims	to	fit	the	product	to	the	user	rather	than	vice
versa.

User-centred	design	takes	due	account	of	human	diversity.

It	aims	to	achieve	the	best	possible	match	for	the	greatest	possible	number	of	people.

User-centred	design	takes	due	account	of	the	user's	task.

It	recognises	that	the	match	between	product	and	user	is	commonly	task-specific.

User-centred	design	is	systems-orientated.

It	recognises	that	the	interaction	between	product	and	user	takes	place	in	the	context	of	a	bigger	socio-technical
system,	which	in	turn	operates	within	the	context	of	economic	and	political	systems,	environmental	ecosystems
and	so	on.

User-centred	design	is	pragmatic.

It	recognises	that	there	may	be	limits	to	what	is	reasonably	practicable	in	any	particular	case	and	seeks	to	reach
the	best	possible	outcome	within	the	constraints	imposed	by	these	limits.
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Chapter	6

Hands	and	Handles
6.1	Introduction
The	previous	chapters	have	looked	at	the	design	of	workplaces	and	at	how	best	their	design
can	be	optimised	 to	 fit	 the	variation	 in	anthropometry	among	 their	user	populations.	 It	 is
time	 to	 consider	 in	more	detail	 the	 tasks	 that	 are	performed	 in	 those	workplaces	 and	 the
tools	 and	 equipment	 used.	One	 of	 our	 distinctive	 features	 as	 humans,	 compared	 to	most
other	 species,	 is	 how	we	 have	 evolved	 to	 use	 our	 hands.	Most	 physical	 aspects	 of	 work
involve	 the	dexterity,	precision,	psychomotor	control	or	strength	of	hand	movements.	We
first,	therefore,	need	to	consider	these	anthropometric	characteristics	and	then	to	understand
the	related	parameters	which	influence	the	effectiveness,	efficiency,	comfort	and	health	of
work	performed	by	the	hands,	particularly	during	the	use	of	tools.
What	do	we	mean	by	a	handle?	In	the	most	general	terms,	we	could	regard	a	handle	as	any

part	of	an	object	 that	 is	held	by	any	part	of	 the	hand.	The	adequacy	of	a	handhold	can	be
judged	by	much	the	same	criteria	as,	say,	a	suitcase	handle,	a	control	knob	or	the	handle	of
a	 hand	 tool.	 Too	 often,	 such	mundane	 design	 details	 are	 overlooked.	 Interestingly,	when
Helander	 and	 Furtado	 (1992)	 compared	 the	 assembly	 of	 manufactured	 components	 by
robots	 and	 by	 human	 operators,	 they	 found	 that	 humans	 could	 outperform	 the	 robots	 on
certain	tasks	when	the	components	had	been	designed	for	robot	assembly.	In	other	words,
the	 components'	 designers	 had	 neglected	 to	 consider	 ergonomic	 aspects	 of	 handling	 and
assembling	these	until	they	discovered	that	robots	were	not	tolerant	of	inadequate	design.

6.2	Anthropometry	of	the	Hand
Table	6.1	gives	anthropometric	data	for	the	adult	hand,	gathered	from	a	number	of	sources.
It	may	be	assumed	that	these	figures	are	for	a	population	of	British	adults	equivalent	to	that
of	 the	 ‘standard	 reference	 population’	 as	 described	 in	 Table	 2.5.	 The	 dimensions	 are
illustrated	 in	 Figure	 6.1.	 Hand	 length	 and	 hand	 breadth	 (dimensions	 1	 and	 12)	 are	 from
Table	2.5;	dimensions	2	to	11,	13	and	15	are	from	Kember	et	al.	(1981);	dimensions	16,	17
and	 19	 are	 from	Gooderson	 et	 al.	 (1982);	 dimension	 20	 is	 from	Davies	 et	 al.	 (1980)	 for
women	 and	 estimated	 by	 scaling	 for	 men;	 dimension	 18	 is	 scaled	 down	 from	 Garrett
(1971).	More	detailed	dimensions	of	finger	segments	and	various	hand	spans	can	be	found
for	 adults	 in	ADULTDATA	 (Peebles	 and	Norris,	 1998),	while	 Porter	 (2000)	 gives	 finger
lengths	and	diameters	of	British	children	between	the	ages	of	6	months	and	7	years.
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Figure	6.1

Anthropometry	of	the	hand,	as	given	in	Table	6.1.

Table	6.1
Anthropometric	Estimates	for	the	Hand	(all	dimensions	in	millimetres)
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Dimension

Men Women

5th
%ile

50th
%ile

95th
%ile

SD
5th

%ile
50th
%ile

95th
%ile

SD

1.	Hand	length 173 189 205 10 159 174 189 9

2.	Palm	length 98 107 116 6 89 97 105 5

3.	Thumb	length 44 51 58 4 40 47 53 4

4.	Index	finger	length 64 72 79 5 60 67 74 4

5.	Middle	finger	length 76 83 90 5 69 77 84 5

6.	Ring	finger	length 65 72 80 4 59 66 73 4

7.	Little	finger	length 48 55 63 4 43 50 57 4

8.	Thumb	breadth	(IPJ)a 20 23 26 2 17 19 21 2

9.	Thumb	thickness	(IPJ) 19 22 24 2 15 18 20 2

10.	Index	finger	breadth	(PIPJ)b 19 21 23 1 16 18 20 1

11.	Index	finger	thickness	(PIPJ) 17 19 21 1 14 16 18 1

12.	Hand	breadth	(metacarpal) 78 87 95 5 69 76 83 4

13.	Hand	breadth	(across	thumb) 97 105 114 5 84 92 99 5

14.	Hand	breadth	(minimum)c 71 81 91 6 63 71 79 5

15.	Hand	thickness	(metacarpal) 27 33 38 3 24 28 33 3

16.	 Hand	 thickness	 (including
thumb)

44 51 58 4 40 45 50 3

17.	Maximum	grip	diameterd 45 52 59 4 43 48 53 3

18.	Maximum	spread 178 206 234 17 165 190 215 15

19.	Maximum	functional	spreade 122 142 162 12 109 127 145 11

20.	Minimum	square	accessf 57 67 77 6 51 59 66 5

aIPJ	 is	 the	 interphalangeal	 joint,	 i.e.,	 the	articulation	between	the	two	segments	of	 the
thumb.

bPIPJ	 is	 the	 proximal	 interphalangeal	 joint,	 i.e.,	 the	 finger	 articulation	 nearest	 to	 the
hand.

cAs	 for	 dimension	 12,	 except	 that	 the	 palm	 is	 contracted	 to	 make	 it	 as	 narrow	 as
possible.

dMeasured	 by	 sliding	 the	 hand	 down	 a	 graduated	 cone	 until	 the	 thumb	 and	 middle
fingers	only	touch.

eMeasured	by	gripping	a	flat	wooden	wedge	with	the	tip	end	segments	of	the	thumb	and
ring	fingers.

fThe	side	of	the	smallest	equal-sided	aperture	through	which	the	hand	will	pass.
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The	fingers	(or	digits)	of	the	hand	are	referred	to	by	name:	starting	with	the	thumb,	then
the	 index,	middle	 (long),	 ring	and	 little	 fingers.	The	 ranges	of	movement	 at	 the	 complex
joints	in	the	fingers	and	at	the	wrist	vary	greatly	between	individuals	and	generally	reduce
with	age	and	onset	of	arthritic	disease.	The	average	 range	of	movement	at	each	 joint	and
functional	ranges	of	movement	used	in	a	variety	of	activities	of	daily	living	can	be	found	in
Norkin	and	White	(1995).	Brumfield	and	Champoux	(1984)	found	that	everyday	activities
such	as	eating,	reading	and	making	a	telephone	call	can	be	accomplished	with	motions	of
the	wrist	between	5°	flexion	and	35°	extension,	while	for	personal	care	activities	(washing,
dressing,	etc.)	the	range	is	10°	flexion	to	15°	extension.
With	 the	 complexity	 and	 variety	 of	 hand	 actions	 that	 are	 possible,	 many	 functional

dimensions	of	hand	and	fingers	may	be	needed	for	 the	design	of	 tools,	controls	and	other
objects	 to	 be	 handled	 (including	 components	 being	 assembled	 in	 manufacturing
production).	 Information	 on	 such	 functional	 dimensions	 is	 relatively	 scarce,	 and	 it	 may
sometimes	 be	 necessary	 to	 conduct	 a	 small-scale	 survey	 to	 collect	 the	 data	 directly	 (see
Section	2.7.2).	One	helpful	source	of	anthropometric	data	for	 thumb	motions	 is	Gilbert	et
al.	(1988).	However,	thumb	anthropometry	may	have	to	be	reviewed	in	the	near	future	when
teenagers	with	years	of	practice	in	mobile	phone	text	messaging	enter	the	adult	population.

6.3	Hand	Dominance	(Handedness)
For	the	majority	of	people,	their	right	hand	is	dominant	and	they	carry	out	most	tasks	with
this	 hand.	 A	 significant	 minority	 (approximately	 10%)	 have	 their	 left	 hand	 dominant,
although	 this	 number	 probably	 underestimates	 the	 true	 percentage	 of	 lefthanded	 people.
Historically,	during	certain	social	periods	and	in	certain	cultures	(and	still	today),	children
have	been	 strongly	discouraged	 from	using	 their	 left	hands.	Even	 individuals	with	 strong
hand	 dominance	 will	 perform	 some	 tasks	 with	 the	 nondominant	 hand,	 but	 the	 common
suggestion	 that	 left-handed	 individuals	 are	 more	 flexible	 and	 better	 able	 to	 use	 their
nondominant	hand	 is	not	 true.	Garonzik	 (1989)	has	shown	clearly	 that	 left-handed	people
are	at	a	considerable	disadvantage	in	using	workstations	and	equipment	designed	for	right-
handed	users.
There	only	seem	to	be	very	slight	differences	in	the	relative	proportions	of	right-	and	left-

hand	dominance	between	men	and	women	or	between	ethnic	groups	(other	than	differences
due	 to	 cultural	 pressures)	 (Hardyk	 et	 al.,	 1975).	 It	 used	 to	 be	 thought	 that	 humans	were
unique	 in	 having	 hand	 preferences,	 but	 recent	 studies	 have	 shown	 that	 animals	 do	 also.
Elephants	 in	 the	wild	display	side	preferences	 in	 their	 trunk	actions	(Martin	and	Niemitz,
2003)	and	rats	have	paw	preferences,	with	73%	right-pawed,	20%	left-pawed	and	8%	using
either	paw	(Guven	et	al.,	2003).
Ingenious	detective	work	on	scratchmarks	on	teeth	from	fossil	remains	of	Neanderthals	in

Spain	 in	 the	 early	 and	 middle	 Upper	 Pleistocene	 era	 suggests	 that	 humans	 were
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predominantly	right-handed	even	350,000	years	ago	(Bermùdez	de	Castro	et	al.,	1988).	This
study	included	what	must	be	a	unique	user	trial	with	a	flint	tool	—	cutting	pieces	of	meat
gripped	in	the	teeth.	This	reproduced	the	characteristic	scratches	on	(simulated)	teeth	which
were	identical	to	those	observed	on	the	Neanderthal	teeth.	In	a	later	study,	Lalueza	Fox	and
Frayer	(1997)	reviewed	the	evidence	from	their	own	investigation	of	Neanderthal	remains
in	Croatia	(dated	to	130,000	years	ago)	together	with	evidence	from	other	studies.	Of	the	20
sets	of	teeth	studied,	18	were	judged	to	be	those	of	right-handed	individuals	and	two	of	left-
handed	individuals,	which,	despite	the	small	sample,	is	remarkably	similar	to	the	present-
day	proportions.
Observations	of	very	young	children	suggest	that	hand	lateralization	develops	during	their

first	 year,	 becoming	 firmly	 established	 for	 most	 children	 by	 about	 the	 age	 of	 5	 years.
Hinojosa	et	al.	(2003)	found	that,	between	the	ages	of	7	and	11	months,	infants	strengthened
their	hand	preferences	(whether	for	right	hand	or	for	left	hand)	when	reaching	and	grasping.
During	 that	 time	 the	 infants	 who	 had	 shown	 no	 preference	 at	 7	 months	 showed	 some
increase	in	the	use	of	the	right	hand.
Use	of	 the	dominant	hand	gives	 the	greatest	 psychomotor	 skill	 as	well	 as	 feeling	more

‘natural’.	Grip	strength	also	seems	to	be	slightly	greater	in	the	dominant	hand	(Edgren	and
Radwin,	 2000).	 However,	 too	 many	 products	 and	 tools	 are	 designed	 for	 right-handed
operation	 (whether	 deliberately	 or	 unconsciously),	 and	 left-handed	 people	 are	 at	 a
significant	disadvantage	when	they	attempt	to	use	them.

6.4	Anatomical	Terminology
Standard	 anatomical	 terms	 that	 are	 used	 to	 describe	 the	 position	 and	movements	 of	 the
forearm,	wrist	and	hand	are	illustrated	in	Figure	6.2.	The	movements	of	flexion,	extension
and	radial	and	ulnar	deviation	occur	at	 the	wrist	 joint	complex,	 that	 is,	at	 the	‘true’	wrist
(radiocarpal)	 joint	 and	 at	 the	 various	 articulations	 which	 are	 present	 between	 the	 eight
small	bones	of	 the	wrist	 (intercarpal	 joints).	Ulnar	deviation	 is	 sometimes	also	known	as
‘adduction’	of	the	wrist	and	radial	deviation	as	‘abduction’,	but	the	terms	are	confusing	and
are	best	avoided.	(Extension	is	also	sometimes	called	dorsiflexion,	with	flexion	then	termed
palmar	flexion.)
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Figure	6.2

Hand	 and	 wrist	 postures.	 (From	 Putz-Anderson,	 V.	 (1988).	 Cumulative	 Trauma	 Disorders,	 London:	 Taylor	 &
Francis,	Fig.	15,	p.	54.	Reproduced	with	kind	permission.)

The	forearm	has	two	long	bones	—	the	radius	and	ulna	—	which	run	from	the	elbow	to
the	wrist	and	articulate	with	each	other	at	their	top	and	bottom	ends.	When	the	hand	is	in	its
palm	up	or	supine	position,	these	two	bones	are	parallel.	(The	radius	is	on	the	thumb	side;
the	 ulna	 is	 on	 the	 little	 finger	 side.)	As	 the	 hand	 is	 turned	 into	 the	 palm	 down	 or	 prone
position,	the	lower	end	of	the	radius	rotates	about	the	axis	of	the	ulna	and	the	shafts	of	the
two	bones	cross	—	a	movement	which	can	be	felt	when	lightly	holding	your	arm	just	above
the	 wrist.	 Note	 then	 that	 the	 movements	 of	 pronation	 and	 supination	 occur	 at	 the	 two
articulations	 between	 the	 radius	 and	 ulna	 rather	 than	 at	 the	 wrist	 as	 such.	 In	 practice,
however,	 the	 natural	 hand	 movements	 we	 use	 in	 everyday	 life	 often	 entail	 actions	 of
pronation	and	supination	in	combination	with	movements	occurring	at	the	wrist.
Place	 your	 hand	 in	 your	 lap	 in	 a	 palm	 up	 (supine)	 position	 and	 allow	 it	 to	 relax

completely.	It	will	naturally	adopt	what	anatomists	call	the	position	of	rest	(Figure	6.3),	in
which	 the	 fingers	and	 thumb	are	 slightly	 flexed.	This	 is	 the	position	 in	which	 the	 resting
tension	 in	 the	muscles	 that	 respectively	 flex	 (i.e.,	 bend)	 and	 extend	 (i.e.,	 straighten)	 the
fingers	are	in	equilibrium.
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Figure	6.3

The	position	of	rest,	the	power	grip	and	the	precision	grip.

The	 most	 distinctive	 feature	 of	 human	 hand	 motions	 is	 the	 opposable	 thumb,	 which
permits	objects	 to	be	grasped	between	 the	 thumb	and	other	 fingers	or	between	 the	 thumb
and	the	palm	of	the	hand.	Each	finger	has	three	joints,	providing	great	flexibility.	The	joints
of	 the	 thumb,	 starting	 at	 the	 base,	 are	 termed	 carpometacarpal,	metacarpophalangeal	 and
interphalangeal.	 The	 joints	 of	 the	 other	 four	 fingers	 are	 known	 as	 metacarpophalangeal,
proximal	 interphalangeal	and	distal	 interphalangeal.	The	segments	of	 the	fingers	differ	 in
length	and,	when	they	are	flexed	to	grip	a	small	object,	the	pads	of	the	fingers	are	arranged
approximately	 around	 the	 circumference	 of	 a	 circle.	 When	 fairly	 relaxed	 they,	 roughly
speaking,	occupy	a	60°	arc	of	a	circle	of	diameter	125	to	175	mm.
Anatomists	have	made	a	number	of	attempts	to	classify	the	infinite	variety	of	actions	of

which	 the	 human	 hand	 is	 capable.	 The	 most	 basic	 distinction	 is	 between	 gripping	 (or
‘prehensile’)	 actions	of	various	kinds,	 and	nongripping	actions	 (such	as	poking,	pressing,
stroking,	slapping,	etc.).	 In	a	gripping	action	the	hand	forms	a	closed	kinetic	chain	which
encompasses	the	object	in	question	and	holds	it	in	place	through	the	mechanical	opposition
of	 parts	 of	 the	 hand;	 in	 a	 nongripping	 action	 the	 hand	 is	 used	 in	 an	 ‘open	 chain’
configuration.	A	 few	common	everyday	actions	 fall	between	 these	 two	categories,	 in	 that
the	kinetic	chain	of	the	hand	is	on	the	point	of	closing	—	for	example,	the	hooking	action
that	we	 use	 to	 carry	 a	 heavy	 suitcase	 and	 the	 action	 by	which	we	 scoop	 up	 a	 handful	 of
small	objects.

LifeScan, Inc. Ex. 1040 - Page 34 
LifeScan, Inc. v. Facet Technologies LLC 

IPR2023-00712 - U.S. Patent No. 8,840,635



In	 a	 classic	 and	 widely	 quoted	 paper	 on	 the	 subject,	 Napier	 (1956)	 divided	 gripping
actions	(‘prehension’)	into	two	main	categories	(see	Figure	6.3):

1.	 Power	grips,	 in	which	 the	 fingers	 (and	 sometimes	 the	 thumb)	 are	 used	 to	 clamp	 the
object	against	the	palm

2.	 Precision	grips,	in	which	the	object	is	manipulated	between	the	tips	(pads	or	sides)	of
the	fingers	and	thumb

Note	that	both	entail	a	closed	kinetic	chain.
Although	this	classification	will	take	us	quite	a	long	way	in	understanding	hand	function,

it	 is	 something	of	an	oversimplification.	 In	 the	basic	power	grip	 shown	 in	Figure	6.3	 the
thumb	wraps	around	the	back	of	the	fingers	to	provide	extra	stability	and	gripping	force.	As
the	 need	 for	 precision	 increases,	 however,	 the	 thumb	 moves	 along	 the	 shaft	 of	 the	 tool
handle	—	providing	extra	control	and	the	possibility	of	both	power	gripping	and	precision
manipulation	as	the	situation	may	demand.	For	a	further	discussion	see	Pheasant	(1991a).

6.5	Hand	Strength
Hand	 and	 wrist	 strength	 vary	 between	 individuals	 by	 as	 much	 as	 the	 strength	 of	 other
muscle	groups	—	by	a	factor	in	the	region	of	1:3	among	able-bodied	adults.	Figure	3.5,	for
example,	shows	the	average	difference	in	grip	strength	between	men	and	women.	Voorbij
and	Steenbekkers	(1998)	found	that	the	grip	force	of	the	dominant	hand	is	stronger	by	6.5%
than	that	of	the	nondominant	hand.	If	gloves	are	worn,	the	force	that	can	be	exerted	is	likely
to	 be	 reduced	 due	 to	 poorer	 contact	 and	 increased	 likelihood	 of	 slipping	 at	 the	 handle-
handle	 interface.	However,	on	occasions	well-fitting	gloves	can	help	if	 the	grip	surface	is
too	smooth	or	is	uncomfortable	to	hold.	The	wearing	of	gloves	can	reduce	tactile	feedback,
which	in	turn	causes	a	tendency	to	grip	with	unnecessarily	high	force.
Hand	strength	for	many	gripping	and	twisting	actions	is	strongly	influenced	by	grip	span

(Pheasant	and	Scriven,	1983;	Shivers	et	al.,	2002;	Hallbeck	and	Kadefors,	2004).	The	effect
of	this	on	handle	and	hand	tool	design	is	discussed	later	in	Sections	6.7.1	and	6.7.2.	Radwin
et	 al.	 (1992)	 have	 shown	 that	 the	 strongest	 fingers	 in	 precision	 grips	 are	 the	 index	 and
middle	 fingers	 but	 that	 contributions	 from	 fingers	 change	 with	 external	 force	 demands.
Imrhan	 and	 Sundararajan	 (1992)	measured	 pull	 strengths	 of	 fingers	when	 gripping	 small
objects	 (using	 a	 lateral,	 chuck	 or	 pulp	 pinch	 grip).	 This	 is	 relevant	 to	 many	 everyday
activities	 such	 as	 opening	 ring-pull	 cans,	 tearing	 plastic	 or	 paper	 strips	 off	 cartons	 or
opening	 plastic	 bags.	 The	 lateral	 pinch	 grip	 (with	 the	 pad	 of	 the	 thumb	 opposed	 to	 the
lateral	 aspect	 of	 the	 index	 finger)	 was	 found	 to	 be	 the	 strongest	 for	 pulling,	 so	 that	 a
sufficient	grip	area	should	be	provided	to	permit	this.	Kinoshita	et	al.	(1995)	found	similar
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variations	in	finger	strength	and	contribution	when	lifting	objects	(like	rods,	coins,	balls	or
cups)	with	a	precision	grip	requiring	coordination	of	several	fingers.
Strength	decreases	with	age.	Static	torque	strength	for	the	two-handed	twisting	action	of

unscrewing	a	lid	of	a	jar	reduces	by	about	35	to	40%	for	healthy	adults	between	the	ages	of
20	to	30	years	and	70	to	80	years,	while	grip	strength	reduces	by	about	30%	(taking	mean
values	for	the	age	groups;	Voorbij	and	Steenbekkers	1998).	Average	wrist-twisting	torque
strength	among	elderly	men	is	in	the	region	of	1.5	to	7.9	Nm	(depending	on	lid	diameter)
for	opening	circular	lids	with	a	rough	grip	surface,	while	finger	torques	when	opening	small
12	mm	tubes	are	in	the	range	of	0.6	to	0.7	Nm,	depending	on	sex	(Imrhan,	1994).
However,	 people	 of	 all	 ages	 find	 their	 strength	 further	 reduced	 by	 injury	 or	 disease

(arthritis	is	a	very	common	condition),	so	many	people	within	the	general	population	will
have	much	weaker	hand	strengths	than	indicated	by	published	tables	of	adult	strength.	They
experience	 many	 problems	 with	 everyday	 activities,	 from	 twisting	 the	 lids	 of	 jars	 to
opening	food	packaging.
One	 difficulty	with	 the	 design	 of	 bottles	 and	 screw-top	 containers	 (including	medicine

containers)	is	that	they	have	to	be	child-proof	as	well	as	easily	accessible	by	elderly	people.
Imrhan	 (1994),	 in	 a	 review	 of	 the	 hand	 strength	 data	 available,	 concludes	 that	 larger
diameter	lids	are	better	for	child	safety	than	smaller	ones.	He	also	recommends	short-lever
arm	handles	rather	than	large	ridged	spheroid	handles	for	taps	on	wash	basins	which	will	be
used	by	 the	 elderly.	Pinch	grip	 is	 also	 difficult	 for	 the	 elderly.	 Imrhan	 found	 that	 lateral
pinch	 grip	 deteriorated	 less	 than	 the	 other	 types	 of	 finger	 pinch,	 so	 that	 objects	 to	 be
gripped	should	have	large	finger	contact	surfaces	to	facilitate	this.
Operation	of	controls	should	not,	of	course,	demand	anything	in	the	region	of	maximum

strength.	A	widely	used	design	guideline	is	that	when	a	force	has	to	be	exerted	continuously
for	a	period	of	time	it	should	not	exceed	10	to	15%	of	maximum	strength	(but	it	should	be
noted	 that	 this	 force	 level	 is	 not	 necessarily	 acceptable	 in	 the	 context	 of	 a	 regular
occupational	 task	or	when	the	action	 is	 repetitive,	particularly	when	there	are	risk	factors
present	for	musculoskeletal	disorders).	Forces	that	are	exerted	over	a	short	period	of	time
or	 at	 frequent	 intervals	 should	 not	 exceed	 30%	 of	 maximum	 strength.	 Forces	 that	 are
exerted	 only	 occasionally	 and	 for	 a	 brief	 moment	 should	 not	 exceed	 60%	 of	 maximum
strength.	The	resulting	design	criterion	limit	for	a	control	force	should	of	course	relate	to
the	 strength	 of	 weaker	 users.	 However,	 Imrhan	 (1994)	 urges	 caution	 in	 applying	 these
strength	guidelines	 to	controls	or	handles	which	are	used	by	elderly	people,	since	 little	 is
yet	known	about	their	tolerance	to	force	exertions.

6.6	Fundamentals	of	Handle	Design
The	purpose	of	a	handle	is	to	facilitate	the	transmission	of	force	from	the	musculoskeletal
system	of	 the	user	 to	 the	 tool	 or	 object	 being	used	 in	 the	performance	of	 a	 task	 or	 for	 a
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purpose	(see	Figure	1.1).	As	a	general	rule,	we	can	say	that	to	optimise	force	transmission
is	 to	 optimise	 handle	 design.	 The	 principles	 of	 design	 for	 a	 wide	 variety	 of	 tools	 are
discussed	by	Greenberg	and	Chaffin	(1976)	and	Freivalds	(1987).	Freivalds	highlighted	four
main	 anatomical	 concerns,	 in	 addition	 to	 effectiveness	 of	 the	 tool	 itself;	 these	 are	 the
avoidance	of	static	muscle	loading,	awkward	wrist	and	finger	postures,	tissue	compression
and	repetitive	finger	action.
The	 following	guidelines	 for	 handle	design	 stem	as	much	 from	common	 sense	 as	 from

scientific	 investigation.	 Unfortunately	 they	 are	 commonly	 violated	 in	 the	 handles	 and
objects	around	us.

1.	 Force	is	exerted	most	effectively	when	hand	and	handle	interact	in	compression	rather
than	shear.	Hence,	it	is	better	to	exert	a	thrust	perpendicular	to	the	axis	of	a	cylindrical
handle	than	along	the	axis	(Fb	in	Figure	6.4	rather	than	Fa).	If	the	latter	is	necessary,	a
knob	on	the	end	will	give	extra	purchase.

2.	 All	 sharp	 edges	 or	 other	 surface	 features,	 which	 cause	 pressure	 hot	 spots	 when
gripping	the	handle,	should	be	eliminated.	These	include:

‘Finger	shaping,’	unless	designed	with	anthropometric	factors	in	mind
The	ends	of	tools	such	as	pliers,	which	may	dig	into	the	palm	if	the	handle	is	short
The	edges	of	raised	surfaces	(e.g.,	for	the	application	of	labels	or	logos)
‘Pinch	points’	between	moving	parts	(such	as	triggers)

In	general,	wherever	 two	planes	meet	 (within	 the	area	 that	engages	 the	hand),
the	edges	should	be	rounded;	there	are	no	exact	figures,	but	a	minimum	radius	of
curvature	of	about	25	mm	seems	reasonable.

3.	 Handles	of	circular	cross-section	(and	appropriate	diameter	30	to	50	mm)	will	be	most
comfortable	to	grip	since	there	will	be	no	possibility	of	hot	spots	—	but	they	may	not
provide	 adequate	 purchase	 for	 exertion	 of	 high	 force.	 Rectangular	 or	 polyhedral
sections	will	give	greater	purchase	but	will	be	less	comfortable.

4.	 Where	 high	 precision	 is	 required,	 handles	 should	 have	 a	 smaller	 diameter	 (8	 to	 16
mm).

5.	 Surface	texture	and	quality	should	neither	be	so	smooth	as	to	be	slippery	nor	so	rough
as	to	be	abrasive.	The	frictional	properties	of	the	‘hand/handle	interface’	are	complex
since	 the	 skin	 is	both	visco-elastically	deformable	and	 lubricated.	Heavily	varnished
wooden	 handles	 give	 a	 better	 purchase	 than	metal	 or	 plastic	 of	 similar	 smoothness.
The	explanation	is	possibly	in	their	resilience	(elastic	compliance).	Rubber	is	similar
but	becomes	tacky.	The	subject	is	worthy	of	more	extensive	investigation.

6.	 For	 a	 handle	 which	 is	 to	 be	 held	 in	 a	 power	 grip,	 the	 handle	 length	 should	 be
sufficiently	 long	to	provide	space	for	 the	whole	palm	(generally	100	mm,	but	110	to
120	mm	may	be	preferable).	Diagonal	hand	width	 is	a	good	approximation	 to	define
the	minimum	length,	but	the	handle	should	not	be	so	long	as	to	contact	the	wrist.
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7.	 If	part	of	the	hand	is	to	pass	through	an	aperture	(as	in	a	suitcase	or	teacup)	adequate
clearance	 must	 be	 given.	 It	 is	 remarkable	 how	 often	 this	 perfectly	 obvious	 design
principle	is	violated.	The	following	spaces	will	accommodate	virtually	all	users,	with	a
slight	leeway:

For	 the	 palm,	 as	 far	 as	 the	 web	 of	 the	 thumb	 (as	 in	 gripping	 the	 handle	 of	 a
suitcase),	allow	a	rectangle	115	mm	×	50	mm
For	a	finger	or	 thumb,	a	circle	35	mm	in	diameter	will	allow	insertion,	 rotation
and	extraction

These	dimensions	must	be	increased	if	users	will	be	wearing	gloves.
8.	 When	a	handle	is	used	in	a	gripping	action,	its	shape	should	reflect	the	curves	of	the

hand	 —	 a	 concave	 surface	 described	 by	 the	 fingers	 opposed	 to	 a	 convex	 surface
formed	by	the	heel	of	the	palm	and	base	of	the	thumb	—	but	with	a	gentle	curve	which
does	not	risk	exerting	excessive	pressure	on	the	palms	of	users	with	small	hands.

9.	 Support	surfaces	at	appropriate	points,	such	as	thumb	grips,	will	help	both	with	force
exertion	and	with	stability	for	precision	tasks,	but	their	 location	and	contouring	need
careful	consideration	in	relation	to	both	the	hand	anthropometry	of	the	user	population
and	the	demands	of	the	specific	task.

10.	 The	 tool	 should	 be	 able	 to	 be	 used	 equally	 comfortably	 and	 efficiently	 by	 left-	 and
right-handed	users.
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Figure	6.4

A	 cylindrical	 handle	 showing	 the	 long	 axis	 A-A’	 and	 the	 perpendicular	 axis	 B-B’.	 F	 is	 the	 component	 of	 force
exerted	along	an	axis	and	T	the	torque	exerted	around	an	axis.	D	is	the	diameter	of	the	handle.

Depending	on	the	function	of	the	tool	and	type	of	exertion	required,	it	may	sometimes	be
difficult	to	satisfy	both	guideline	10	and	guideline	8	or	guideline	9,	in	which	case	the	tool
should	be	designed	for	supply	in	two	versions	(or	perhaps	in	modular	form	with	a	pair	of
interchangeable	handles	[Bobjer,	1989]).

6.7	Biomechanics	of	Tool	Design
6.7.1	Gripping	and	Squeezing
An	 important	 group	 of	 cutting	 and	 crushing	 tools,	 from	 pliers	 and	 wire	 cutters	 to
nutcrackers	and	secateurs,	are	operated	by	a	forceful	squeezing	action	across	two	pivoting
arms.	The	fingers	curl	around	one	arm	of	the	tool	and	the	heel	of	the	palm	butts	against	the
other.	The	effective	cutting	and	crushing	force	is	determined	by	the	mechanical	advantage
of	 the	 tool	and	 the	user's	grip	strength.	The	 latter	 is	determined	 inter	alia	by	 the	distance
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across	the	two	arms	(D	in	Figure	6.5).	The	optimal	handle	separation	is	45	to	55	mm	at	the
position	in	which	the	force	is	being	applied	for	both	men	and	women.

Figure	6.5

Grip	strength	(G)	as	a	function	of	the	handle	span	(D).	The	vertical	lines	in	the	graph	indicate	the	5th	to	95th	%ile
limits	of	grip	strength	measured	in	samples	of	22	men	and	22	women.	The	tool	 is	a	 lever	of	 the	first	class,	with	a
mechanical	advantage	of	b/a.	Hence,	the	effective	cutting	or	crushing	force	is	(G	×	b)/a.	(Data	from	Pheasant,	S.	T.
and	 Scriven,	 J.	 G.	 (1983).	 In	 K.	 Coombes	 (Ed.),	 Proceedings	 of	 the	 Ergonomics	 Society's	 Conference	 1983,
London:	Taylor	&	Francis,	pp.	9–13.)

6.7.2	Gripping	and	Turning
Consider	a	cylindrical	handle	as	shown	in	Figure	6.4.	It	may	be	gripped	and	turned	about	its
own	axis	A-A′	or	about	a	perpendicular	axis	B-B′.	Screwdrivers	employ	the	former	action,
T-wrenches	the	latter.
When	the	handle	is	employed	as	a	T-wrench,	the	available	torque	(Tb)	depends	upon	the

anthropometry	and	strength	of	the	user	and	is,	within	reasonable	limits,	independent	of	the
design	of	the	handle.	When	the	handle	is	employed	as	a	screwdriver	(rotating	about	axis	A-
A′),	 the	 strength	 of	 the	 action	 is	 no	 longer	 determined	by	 the	 user's	 capacity	 to	 generate
torque	 but	 by	 the	 ability	 to	 transmit	 it	 across	 the	 hand-handle	 interface.	 It	 is,	 therefore,
strongly	dependent	upon	handle	design.	Torque	Ta	about	axis	A-A′	is	exerted	by	a	shearing
(frictional)	action	on	the	cylinder's	surface.	This	is	illustrated	in	Figure	6.6.	Hence,

where	G	is	the	net	compressive	force	(i.e.,	grip),	D	is	the	diameter	of	the	cylinder,	and	μ	is
the	 coefficient	 of	 limiting	 friction	 between	 the	 hand	 and	 the	 handle.	 For	 any	 handle	 of
circular	 cross-section	 (i.e.,	 cylinder,	 sphere	 or	 disc),	 Ta	will	 increase	with	 diameter.	We
should	also	expect	G	to	be	dependent	upon	diameter	(the	optimum	value	of	which	can	only
be	determined	empirically).	Figure	6.6	summarises	the	results	of	such	an	experiment.
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Figure	6.6

The	mechanics	of	the	gripping	and	turning	action,	using	a	cylindrical	handle.	Note	that	torque	(T)	is	greatest	on	the
70-mm	handle,	whereas	both	shear	(S	=	T/D	=	μ	×	G)	and	thrust	(F,	not	plotted)	are	greatest	on	handles	in	the	30	to
50	 mm	 size	 range.	 (Data	 from	 Pheasant,	 S.	 T.	 and	 O’Neill,	 D.	 (1975).	 Applied	 Ergonomics,	 6,	 205–8.	 From
Pheasant,	S.T.	(1991).	Ergonomics,	Work	and	Health,	London:	Macmillan,	Fig.	14.5,	p.	267.	Reproduced	with	kind
permission.)

Few	real	handles	are	actually	circular	in	cross-section,	but	quite	substantial	irregularities
in	 shape	 seem	 to	 make	 surprisingly	 little	 difference.	 Hence,	 commercially	 available
screwdrivers	 (London	pattern,	cabinet	makers',	engineers,	etc.)	perform	no	better	 in	 these
tests	 than	do	knurled	 steel	 cylinders	of	 equivalent	diameter	 (Pheasant	 and	O’Neill,	 1975;
Pheasant	 and	 Scriven,	 1983).	 Subsequent	 (unpublished)	 experiments	 have	 shown	 that	 the
same	is	true	for	a	variety	of	devices	such	as	taps	and	doorknobs.
However,	 torques	 exerted	 about	 axis	 B-B'	 (in	 Figure	 6.4),	 as	 in	 using	 T-shaped	 or	 L-

shaped	devices,	are	much	greater.	The	torque	that	may	be	exerted	using	a	typical	L-shaped
lever-type	door	handle	is	 in	the	order	of	twice	that	available	from	any	cylinder,	sphere	or
disc	turning	about	its	own	axis.
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The	strength	of	a	thrusting	action	along	the	axis	A-A'	of	a	cylindrical	handle	is	generated
by	a	frictional	force	and	is	given	by

The	diameter	is	only	relevant	as	a	determinant	of	G.	Hence,	we	find	that	the	optimal	handle
diameter	for	axial	thrusts	is	somewhat	less	than	that	for	turning	actions.
Optimal	handle	sizes	 for	 the	different	 types	of	 forceful	action	are	 summarised	 in	Table

6.2.	 It	 is	 also	 worth	 noting	 that	 the	 maximal	 hand-handle	 contact	 area	 —	 which	 will
minimise	the	surface	stress	to	the	skin	(Pheasant	and	O’Neill,	1975)	—	occurs	on	handles
50	to	60	mm	in	diameter.

Table	6.2
Handle	Sizes	that	Allow	the	Greatest	Force/Torque	in	Operation

Pivoting	Tools Distance	across	Arms	(mm)

Turning	force	or	squeezing	grip	force	(G) 45–55

Handles	of	Circular	Cross-Section Diameter	(mm)

						Cylinders

Axial	thrust	(Fa) 30–50

Axial	rotation	(Ta) 50–65

						Spheres

Axial	rotation	(Ta) 65–75

						Discs

Axial	rotation	(Ta) 90–130

Note:	For	cylindrical	handles	used	to	exert	force	or	torque	perpendicular	to	the	handle
axis	(Fb,	Tb),	the	diameter	is	not	critical;	a	diameter	of	30	to	50	mm	is	suitable.

However,	 the	most	 appropriate	 size	 and	 shape	 of	 handle	may	 depend	 on	 the	 task	 to	 be
performed.	 For	 example,	 while	 a	 screwdriver	 produces	maximum	 torque	when	 held	 in	 a
power	 grip	with	 a	 handle	 of	 optimum	 diameter	 to	match	 the	 user's	 hand	 size,	 a	 smaller
handle	which	can	be	held	and	manipulated	by	the	fingers	will	be	more	efficient	and	usable
for	making	fine	adjustments.

6.7.3	Pushing,	Pulling,	Pressing	and	Lifting
Depending	 on	 the	 location	 of	 the	 handle	 interface	 and	 resulting	 postures	 which	 can	 be
adopted,	forces	in	pushing,	pulling,	pressing	and	lifting	may	be	augmented	by	use	of	body
weight	and	leverage	and	do	not	depend	solely	on	the	strength	of	the	muscles	of	the	forearm
and	hand.	The	surface	of	the	handle	(size,	shape,	coefficient	of	friction)	will	influence	the
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ability	 to	 transmit	 the	 force.	 The	 shape	 and	 size	 of	 the	 contact	 surface	 also	 affect	 the
precision	with	which	the	force	can	be	exerted.
Pushing	 actions	 can	 be	 performed	 with	 the	 flat	 of	 the	 hand,	 with	 a	 fingertip	 or	 when

gripping	any	of	a	wide	variety	of	 types	of	handle	or	control	knob	or	 lever.	The	force	 that
can	be	exerted	will	depend	on	the	type	of	grip,	on	the	design	of	the	grip	surface	or	control
and	on	the	strength	of	the	muscles	that	can	be	brought	into	play.
The	ability	 to	exert	a	pulling,	pressing	or	 lifting	 force	will	generally	be	greatest	with	a

power	or	hook	grip	and	least	if	the	handle	is	so	small	that	only	a	pinch	grip	can	be	used	(as
sometimes	found	with	decorative	cupboard	handles,	for	example).	Design	limits	for	forces
on	typical	handles	and	controls	can	be	found	in	Corlett	and	Clark	(1995).

6.8	The	Neutral	Position	of	the	Wrist	and	Handle
Orientation
Grip	strength	is	greatest	when	the	wrist	is	in	its	neutral	position	—	reducing	progressively
as	the	wrist	moves	away	from	the	neutral	position	in	any	direction	(i.e.,	flexion,	extension,
radial	 deviation,	 ulnar	 deviation).	 (A	 more	 detailed	 discussion	 of	 the	 extent	 to	 which
strength	 is	 reduced	 with	 different	 types	 of	 grip	 and	 with	 deviations	 from	 neutral	 wrist
posture	can	be	found	in	Hallbeck	and	Kadefors	(2004)	and	Wells	(2004).)	Grip	strength	is
least	when	the	wrist	 is	flexed.	This	 is	because	when	the	wrist	 is	flexed,	 the	finger	flexors
(which	 are	 the	 prime	movers	 in	 the	 gripping	 action)	 are	 shortened,	 and	 their	 capacity	 to
generate	tension	is	thus	diminished	(see	Section	4.8).
For	this	reason	alone,	it	would	seem	desirable	that	the	handles	of	tools	should	be	designed

in	such	a	way	that,	when	the	tool	is	in	use,	the	wrist	should	remain	as	close	as	possible	to
the	neutral	position,	since	the	less	the	strength	of	the	gripping	action	in	a	given	position,	the
harder	the	muscles	will	have	to	work	to	maintain	a	given	level	of	gripping	force.
There	are	also	other	reasons.	The	tendons	of	the	various	forearm	muscles	that	act	on	the

fingers	and	hand	run	around	a	variety	of	bony	and	ligamentous	‘pulleys’	where	they	cross
the	 line	 of	 the	 wrist	 joint.	 When	 the	 wrist	 is	 in	 a	 nonneutral	 position,	 the	 mechanical
loading	on	the	tendons	at	these	points	of	contact	will	be	increased.	(This	is	a	matter	of	basic
mechanics.)	This	 increase	 in	 loading	may	 lead	 to	an	 increase	 in	 the	wear	and	 tear	on	 the
tendons	 which	 the	 working	 task	 entails	 and	 to	 the	 development	 of	 conditions	 like
tenosynovitis,	 carpal	 tunnel	 syndrome	 and	 other	 work-related	 musculoskeletal	 disorders
attributable	to	overuse	(see	Chapter	9).
When	the	wrist	is	in	its	neutral	position,	the	long	axis	of	a	cylindrical	handle	that	is	held

firmly	in	 the	hand	makes	an	angle	of	100	to	110°	 to	 the	axis	of	 the	forearm	(Figure	6.7).
This	is	because	the	carpal	bones	in	the	palm	of	the	hand	are	different	lengths.	This	so-called
natural	 angle	 of	 the	 wrist	 is	 seen	 in	 the	 traditional	 designs	 of	 carpenters'	 saws	 (for
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example).	When	using	such	a	 tool,	 the	cutting	edge	of	 the	blade	 is	parallel	 to	 the	axis	of
thrust	of	the	forearm	when	the	wrist	is	in	its	neutral	position.	Thus	the	neutral	position	of
the	wrist	is	preserved	in	use	(see	Pheasant	1991a	for	a	further	discussion).

Figure	6.7

The	neutral	position	of	the	wrist	is	preserved	if	the	axis	of	grip	makes	an	angle	of	100	to	110°	with	the	axis	of	the
forearm	(e-w).

For	other	types	of	tools,	Tichauer	(1978)	argued	that	it	was	better	to	bend	the	handle	of
the	 tool	 than	 to	 bend	 the	 user's	 wrist	 and	 proposed	 an	 angled-handle	 design	 of	 pliers	 to
replace	the	more	conventional	type	shown	in	Figure	6.5.	Subsequently,	angled	handles	have
been	devised	for	many	other	 types	of	 tools,	 including	soldering	irons,	hammers,	butchers'
knives,	files	and	masons'	trowels	(Tichauer,	1966;	Knowlton	and	Gilbert,	1983;	Konz,	1986;
Armstrong	 et	 al.,	 1982;	Bobjer,	 1989,	Hsu	 and	Chen,	 1999;	 Strasser	 et	 al.,	 1994).	 Some,
such	as	 the	bent-handled	soldering	 iron,	may	have	even	greater	benefits	 through	reducing
arm	 abduction	 and	 consequent	 static	 loading.	Not	 all	 these	 tool	modifications	 have	 been
produced	 commercially,	 but	 increasingly	 innovative	 designs	 continue	 to	 appear	 in	 tool
manufacturers'	catalogues,	as	tool	design	parameters	become	better	understood.
Several	 of	 the	 studies	 mentioned	 have	 looked	 at	 the	 degree	 of	 bend	 that	 should	 be

provided	for	different	 tools.	This	cannot	simply	be	decided	by	aligning	 the	 tool	axis	with
the	neutral	wrist	posture	when	the	tool	is	held	statically	in	the	hand	(as	in	the	illustrations
in	Figures	6.3	and	6.7).	The	use	of	the	tool	may	involve	complex	motions,	and	some	tools
are	used	for	a	variety	of	 tasks.	Konz	(1986),	 for	 instance,	refined	the	 initial	design	of	 the
bent-handled	hammer	through	a	series	of	experiments.	Han	(2003)	evaluated	bent-handled
pliers	and	found	that	they	reduced	wrist	deviation	in	all	four	of	the	most	common	tasks	for
which	 they	are	used	 in	 electrical	 assembly	work	 (gripping	a	 small	 component,	 bending	a
wire,	twisting	wires	and	turning	a	component	such	as	a	bolt	head).
A	 design	 compromise	may	 be	 needed	 to	 achieve	 good	 usability	 and	 adequate	 speed	 of

work	(and	thus	productivity)	at	the	same	time	as	minimising	wrist	deviation.	Some	studies
have	also	found	that	subjects	preferred	traditional	designs	of	tools	to	the	redesigned	ones.
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While	 this	 may,	 in	 part,	 have	 been	 due	 simply	 to	 lack	 of	 time	 to	 become	 familiar	 and
practised	with	them,	it	may	also	have	been	because	the	redesign	failed	to	consider	usability
issues,	such	as	the	ease	with	which	the	handle	can	be	gripped	or	the	degree	of	control	users
have	in	a	precision	task	(as	found	by	Dempsey	et	al.,	2002	and	Duke	et	al.,	2004).	Päivinen
et	al.	(1999/2000)	and	Dempsey	and	Leamon	(1995)	present	helpful	discussions	of	usability
criteria,	 mostly	 in	 the	 context	 of	 plier-like	 hand	 tools.	 A	 thorough	 discussion	 of	 the
biomechanical	aspects	of	hand	tool	design	can	be	found	in	Chaffin	et	al.	(1999).

6.9	Work	Tasks	Using	Handheld	Tools
6.9.1	Posture	and	Workstation	Design
The	effects	 of	 posture	on	whole-body	 strength	have	 already	been	mentioned	 (Chapter	 4),
and	similar	effects	have	to	be	considered	for	hand	and	arm	strength	when	using	tools	and
handling	other	objects.	Schulze	et	al.	(1991)	found	distinct	differences	in	postural	loading
between	male	 and	 female	 operators	 using	 pneumatic	 screwdrivers	 in	 furniture	 assembly.
The	 female	 operators	 were	 disadvantaged	 by	 both	 strength	 and	 stature	 and	 had	 to	 adopt
postures	 with	 greater	 arm	 abduction	 and	 trunk	 flexion,	 leaning	 into	 the	 task	 to	 assist	 in
exerting	force.
Both	grip	strength	and	torque	strength	can	be	significantly	reduced	when	an	individual	is

forced	to	adopt	a	nonoptimal	posture,	as	shown	in	many	studies,	including	those	of	controls
such	as	the	handwheel	valve	(Shih	et	al.,	1995)	and	large	handwheel	(Wolstad	et	al.,	1995)
as	well	as	of	hand	tools.
Changing	the	location	of	the	handle	or	control	—	or	changing	the	orientation	at	which	a

tool	must	 be	 used	—	 leads	 to	 a	 change	 in	 arm	 posture,	 so	 that	muscle	 strength	may	 be
reduced	 and	 the	 muscle	 may	 be	 working	 at	 a	 poorer	 mechanical	 advantage.	 (Similar
considerations	apply	 to	handle	or	handhold	positions	on	boxes	which	are	 lifted	or	carried
[Drury	et	al.,	1985]).	Changes	in	wrist	posture,	in	particular,	have	a	considerable	effect	on
strength,	as	discussed	in	Section	6.8.	Mital	and	Channaveeraiah	(1988)	and	Habes	and	Grant
(1997)	 demonstrated	 the	 effects	 on	 the	 use	 of	 a	 screwdriver	 over	 a	 range	 workstation
layouts	and	handle	diameters	and	orientations.	Dempsey	et	al.	(2002,	2004)	in	two	studies,
one	of	the	use	of	pliers	in	a	wire-twisting	 task	and	the	other	of	a	repetitive	screw	driving
task,	 showed	 that	 productivity	 can	 also	 be	 affected	 by	 workpiece	 orientation	 and	 work
height.	Han	(2003)	found	similar	results	for	both	pliers	and	powered	screwdrivers	with	in-
line	 and	 pistol-type	 handles.	 Increased	 wrist	 deviation	 resulting	 from	 poor	 workpiece
location,	 increased	arm	and	shoulder	elevation	at	higher	work	heights,	and	 increased	arm
abduction	 or	 elevation	 at	 awkward	 workpiece	 orientations	 can	 increase	 the	 risk	 of
developing	musculoskeletal	 disorders	 (as	 discussed	 below	 in	 Section	 6.9.2).	Workstation
layout	must	therefore	be	considered	in	conjunction	with	the	selection	or	design	of	the	tool
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for	a	particular	task.	The	studies	above	confirm	that,	when	this	is	done,	a	good	ergonomic
solution	can	be	found	to	promote	both	productivity	and	health.

6.9.2	Risk	of	Musculoskeletal	Injury
The	problems	of	musculoskeletal	injuries	incurred	during	industrial	work	are	discussed	in
more	detail	in	Chapter	9,	but	many	of	the	tasks	concerned	involve	intensive	use	of	the	hand
and	wrist.	 In	 some	 vehicle	 assembly	 plants,	 for	 example,	 operators	may	 use	 powered	 or
nonpowered	hand	 tools	 for	4	hours	a	day	(Garmer	et	al.,	2002),	and	 the	same	 is	probably
true	in	electrical	component	assembly	and	meat	processing.	The	problems	are	not	confined
to	 the	use	of	nonpowered	hand	 tools,	because	 the	holding	and	operation	of	powered	hand
tools	often	 involves	static	muscular	effort	even	when	 the	operating	 forces	 themselves	are
low.
The	 U.S.	 Bureau	 of	 Labor	 Statistics	 reported	 that,	 of	 the	 522,528	 musculoskeletal

disorders	reported	in	the	United	States	in	2001,	8.9%	involved	the	wrist	and	1.6%,	the	hand
or	fingers,	while	2.9%	were	due	to	the	use	of	hand	tools	(statistics	for	nonfatal	occupational
injuries	 and	 illnesses	 with	 days	 away	 from	 work;	 BLS,	 2001).	 The	 total	 incidence	 of
injuries	 resulting	 from	 the	 use	 of	 hand	 tools	 is	 much	 greater	 than	 this	 —	 around	 10%
according	 to	Mital	 and	Channaveeraiah	 (1988)	—	and	 includes	 categories	of	 injury	other
than	musculoskeletal	disorders.
It	 is	 generally	 recognised	 that	 the	 jobs	 that	 carry	 the	 highest	 levels	 of	 risk	 are	 ones	 in

which	 forceful	 gripping	 actions	 are	 combined	 with	 turning	 actions	 or	 are	 made	 with	 a
deviated	wrist.	 In	practice,	 turning	actions	will	generally	 involve	wrist	deviation,	but	you
can	have	a	deviated	wrist	without	making	a	turning	action	(e.g.,	when	using	certain	poorly
designed	hand	tools).
Anatomical	and	biomechanical	considerations	would	lead	us	to	predict	that	there	will	be

certain	 relatively	 consistent	 associations	 between	 particular	 disorders	 and	 particular
patterns	of	movement.	For	example,	we	should	expect	clothes	wringing	types	of	action	(in
which	flexion	and	ulnar	deviation	are	combined	with	supination	of	the	forearm)	to	result	in
tenosynovitis	or	peritendinitis	affecting	the	tendons	of	the	extensors	(particularly	those	that
act	on	the	thumb)	and	likewise	that	repetitive	flexion	and	extension	of	the	wrist	would	lead
to	carpal	tunnel	syndrome	(either	directly	due	to	mechanical	irritation	of	the	median	nerve
or	 secondary	 to	 a	 flexor	 tenosynovitis).	 Carpal	 tunnel	 syndrome	may	 also	 be	 caused	 by
repeated	impact	as	in	using	a	hammer.	Tenosynovitis	of	the	finger	flexors	may	likewise	be
caused	by	repeated	blunt	 trauma,	for	example,	when	using	badly	designed	hand	tools	 that
have	pressure	hot	spots	on	their	handles.
Experience	 suggests	 that	 these	 predictable	 associations	 do	 indeed	 occur	 reasonably

consistently,	and	such	little	epidemiology	as	there	is	would	tend	to	confirm	this	(Pheasant,
1991a).	But	they	do	not	by	any	means	occur	infallibly	and,	in	practice,	just	about	any	of	the
disorders	in	question	may	be	associated	with	any	of	the	motion	patterns.	In	one	way	this	is
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not	 particularly	 surprising.	 The	 functional	 anatomy	 of	 the	 hand	 is	 complex.	 All	 of	 the
forearm	muscles,	whose	 tendons	 cross	 the	wrist	 to	 insert	 on	 the	 bones	 of	 the	 hand,	 have
multiple	 functions	—	 as	 prime	 movers,	 synergists	 or	 muscles	 of	 stabilisation.	 It	 would
seem	probable,	 furthermore,	 that	 the	various	 anatomical	 structures	of	 the	 ‘muscle	 tendon
unit’	(i.e.,	the	muscle	itself	and	its	soft-tissue	attachments	at	either	end)	may	be	subject	to
overuse	injury	both	when	they	repeatedly	contract	and	when	they	are	repeatedly	stretched
by	 their	 antagonists.	 Thus	 the	 number	 of	 potentially	 injurious	 permutations	 and
combinations	is	considerable.
The	particular	type	of	gripping	action	that	the	task	entails	is	also	a	factor.	Pinch	grips	and

claw-like	grips	(i.e.,	‘precision	grips’)	both	entail	a	higher	internal	biomechanical	loading
for	 a	 given	 externally	 applied	 force	 (and	 thus	 a	 higher	 level	 of	 risk)	 than	 full	 grasping
actions	 (i.e.,	 ‘power	 grips’).	 The	 over-spreading	 of	 the	 hand,	when	 gripping	 an	 object	 or
when	squeezing	the	arms	of	a	pivoting	tool	to	exert	an	external	force,	is	also	a	risk	factor.
Apart	 from	 posture,	 three	 of	 the	 most	 important	 factors	 influencing	 musculoskeletal

loading	during	operation	of	a	hand	tool	are	considered	to	be	force,	time	and	precision.	The
latter	 is	 important	because	 the	degree	of	control	 required	 influences	 the	 type	of	grip	(and
thus	the	muscles	involved),	the	grip	force	and	the	static	muscular	effort	for	stabilisation	of
the	 hand.	 Sperling	 et	 al.	 (1993)	 have	 proposed	 a	 ‘cube’	 model,	 shown	 in	 Figure	 6.8,	 to
represent	these	factors	and	to	assist	in	assessing	the	severity	of	demands	from	a	hand	tool.
Each	of	the	three	factors	can	be	rated	as	high,	moderate	or	low	demand,	so	that	the	cube	is
subdivided	into	27	small	subcubes	and	a	given	tool	can	be	categorised	as	falling	within	one
or	 other	 of	 these.	 The	 critical	 levels	 separating	 the	 low,	 moderate	 and	 high	 demands
represented	by	each	subcube	have	been	defined,	and	each	subcube	has	been	given	a	given
rating	of	more	 (or	 less)	acceptable,	on	 the	basis	of	evidence	 from	research	 literature	 (the
details	of	the	classification	scheme	are	explained	in	Sperling	et	al.,	1993).	They	distinguish,
for	 example,	 between	 typical	work	with	 assembly	 pliers	 (low	 force,	 high	 time,	moderate
precision)	pop	riveting	tongs	(high	force,	high	time,	low	precision)	and	bolt	clippers	(high
force,	 low	 time,	 moderate	 precision).	 According	 to	 the	 cube	model,	 the	 second	 of	 these
would	be	classed	as	unacceptable	and	the	first	and	third	as	needing	further	investigation.	By
identifying	the	severity	of	demands	on	these	three	dimensions,	it	is	possible	to	see	whether
improvement	is	needed	and,	if	so,	whether	the	tool	factor	(force),	task	factor	(precision)	or
organisation	of	the	work	(duration,	repetition)	should	be	changed.
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Figure	6.8

Cube	model	 for	 classification	of	work	with	hand	 tools	 (from	Sperling	L.,	Dahlman,	S.,	Wikstrom,	L.,	Kilbom,	Å.
and	Kadefors,	R.	(1993).	Applied	Ergonomics,	24(3),	212–220).
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Part	III

The	Bodyspace	Tables	—	Anthropometric
Database
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Chapter	10

Anthropometric	Data
10.1	Compilation	of	the	Anthropometric	Database
As	we	noted	 in	 an	 earlier	 chapter	 (Section	2.7),	 there	 are	 two	possible	 approaches	 to	 the
business	 of	 assembling	 an	 anthropometric	 database:	 the	 purist	 and	 the	 pragmatic.	 In
compiling	 the	 tables	 that	 follow,	 the	 latter	 has	 been	 adopted.	 The	 technique	 used	 most
extensively	is	that	of	ratio	scaling,	a	more	detailed	discussion	of	which	will	be	found	in	the
Appendix	Section	A8.3	and	in	Pheasant	(1982).	Dimensions	marked	with	an	asterisk	(*)	are
quoted	from	the	original	sources.	The	remainder	have	been	estimated.	Details	of	the	sources
are	 given	 below.	 Definitions	 of	 the	 dimensions	 which	 are	 tabulated	 together	 with	 some
notes	on	application	will	be	found	in	Chapter	2.
Each	table	is	derived	from	a	combination	of	two	or	more	sources:

A	size	source	which	gives	us	 the	mean	and	standard	deviation	for	stature	 (or	crown-
heel	length	for	infants)	in	the	relevant	target	population
One	 or	 more	 shape	 sources	 from	 which	 the	 coefficients	 E1	 and	 E2	 (as	 defined	 by
equations	A41	and	A42	in	the	Appendix)	are	calculated.	The	shape	sources	must	be	of
the	same	age	and	sex	as	the	target	population	and	have	a	similar	ethnic	admixture

10.2	Populations	Included	in	the	Database
Table	10.1	is	for	the	adult	population	of	the	United	Kingdom.	It	is	the	same	as	Table	2.5,
which	 is	 that	 of	 our	 ‘standard	 reference	 population’	 used	 throughout	 the	 book	 and	 is
repeated	 here	 for	 ease	 of	 reference.	 This	 is	 followed	 by	 tables	 for	 three	 subsets	 of	 the
British	 adult	 population,	 broken	 down	 by	 age,	who	 are	 somewhat	 taller	 or	 shorter	 as	 the
case	may	be.	The	first	of	these	(Table	10.2	for	19-	 to	25-year-olds)	may	be	regarded	as	a
best	 estimate	 of	 the	 anthropometric	 characteristics	 of	 the	British	 adult	 population	 in	 the
early	part	of	 the	 twenty-first	century.	The	reader	will	note	 that	 the	actual	 figures	 in	 these
tables	 do	 not	 vary	 greatly;	 in	 practical	 terms,	 the	 differences	 between	 them	 are	 of	 only
marginal	significance.	They	have	been	included	to	enable	the	reader	to	decide	for	himself
or	herself	the	extent	to	which	it	may	be	necessary	to	take	such	differences	into	account	in
practical	design	work.
Tables	10.5	and	10.6	are	two	different	estimates	for	the	elderly	population	of	the	United

Kingdom.	The	former	is	a	more	conservative	estimate	than	the	latter.
There	 follow	 four	 representative	 datasets	 for	 various	European	 countries.	 Swedish	men

(Table	10.7)	are	much	the	same	as	British	men,	whereas	Swedish	women	are	a	fair	bit	taller

LifeScan, Inc. Ex. 1040 - Page 50 
LifeScan, Inc. v. Facet Technologies LLC 

IPR2023-00712 - U.S. Patent No. 8,840,635



than	British	women	and	somewhat	 lighter	 in	weight	and	more	 slender	 in	 their	 build.	The
Dutch	(Table	10.8)	are	the	tallest	people	in	Europe	(and	the	tallest	included	in	the	present
database),	 in	 the	 case	 of	 the	 men	 by	 quite	 a	 fair	 margin.	 Table	 10.9	 is	 based	 upon	 a
particularly	thorough	and	well-conducted	survey	of	French	drivers	reported	by	Rebiffé	et	al.
(1983).	 On	 the	 assumption	 that	 these	 drivers	 were	 a	 representative	 sample	 of	 the	 adult
population	as	a	whole,	the	French	are	a	little	shorter	than	the	British.	Taken	together,	these
various	 populations	may	 be	 assumed	 to	 bracket	 the	 adult	 population	 of	 northern	Europe.
The	populations	of	southern	Europe	will	in	general	tend	to	be	a	little	shorter	than	northern
European	populations.	The	data	given	for	Polish	industrial	workers	in	Table	10.10	probably
represent	the	shorter	limit	of	European	populations	(or	something	very	close	to	it).
U.S.	adults	(Table	10.11)	are	a	little	taller	and	a	little	heavier	than	their	U.K.	counterparts,

although	again	the	difference	will	be	of	relatively	little	significance	in	practical	terms.
The	data	given	in	Table	10.12	for	male	Brazilian	 industrial	workers	place	 them	close	 to

the	lower	end	of	the	stature	range	of	European	populations.	Asian	populations	(Tables	10.13
to	10.16)	are	shorter	still,	the	shortest	population	in	the	present	collection	being	the	sample
of	male	 Indian	 industrial	workers	 reported	 by	Gite	 and	Yadav	 (1989),	which	 is	 given	 in
Table	10.14.
The	tables	conclude	with	data	for	British	children	from	birth	to	maturity.

10.3	British	Adults	(Tables	10.1	to	10.6)
Stature	data	for	British	adults	were	taken	from	a	survey	of	a	nationwide	stratified	sample	of
households	conducted	 in	1981	by	 the	Office	of	Population	Censuses	 and	Surveys	 (OPCS,
1981;	Knight,	1984).	We	may	have	considerable	confidence	in	the	validity	and	reliability	of
these	data.	Reference	sources	for	E1	and	E2	were	U.S.	civilians	(Stoudt	et	al.,	1965,	1970)
for	dimensions	8,	11	and	13–19;	French	drivers	(Rebiffe	et	al.,	1983)	for	dimensions	22–25
and	 36;	British	 drivers	 (Haslegrave,	 1979)	 for	 dimensions	 12,	 20	 and	 21.	 The	 remaining
dimensions	were	 calculated	 from	 a	 variety	 of	U.S.	military	 surveys	 published	 by	NASA
(Webb	 Associates,	 1978).	 Separate	 E	 coefficients	 were	 established	 for	 the	 different	 age
bands.
The	 over-65-year-olds	 presented	 a	 problem.	 The	 OPCS	 stature	 data	 only	 extend	 to	 65

years.	An	alternative	source	would	be	the	survey	by	the	Institute	for	Consumer	Ergonomics
(1983)	 of	 the	 inmates	 of	 geriatric	 institutions.	 The	 latter	were	measured	 shod,	 but	 if	we
subtract	a	nominal	20	mm	for	heels,	we	still	see	that	their	stature	is	much	less	than	that	of
the	45-	 to	65-year-olds	 in	 the	OPCS	sample.	 In	 light	of	 this	discrepancy,	 two	 tables	have
been	 prepared.	 Table	 10.5	 is	 based	 on	 stature	 data	 estimated	 on	 the	 assumption	 that	 the
decline	in	stature	after	65	years	is	of	a	similar	magnitude	in	Great	Britain	and	the	United
States	 (as	 documented	 by	 Stoudt	 et	 al.,	 1965).	 Table	 10.6	 is	 based	 on	 the	 Institute	 for
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Consumer	Ergonomics	 (1983)	 survey	of	 ‘elderly	people’,	 to	which	 the	 reader	 should	 turn
for	further	information.

10.4	Adult	Populations	of	Other	Countries
(Tables	10.7	to	10.16)
Table	10.7	is	based	on	surveys	of	Swedish	male	and	female	workers	by	Lewin	(1969)	and	of
Swedish	women	by	Inglemark	and	Lewin	(1968),	Table	10.8	on	a	set	of	estimates	 for	 the
Dutch	population	kindly	provided	by	Johan	Molenbroek	of	Delft	University	of	Technology,
Table	10.9	on	the	survey	of	French	drivers	by	Rebiffe	et	al.	 (1983),	and	Table	10.10	on	a
survey	of	Polish	industrial	workers	reported	by	Batogowska	and	Slowikowski	(1974).	Table
10.11	is	based	upon	a	major	survey	of	U.S.	adults	conducted	in	1971–1974	and	deemed	to
be	the	most	up	to	date	available	(Abraham,	1979).	E	coefficients	were	in	all	cases	the	same
as	for	Table	10.1.
Table	10.12	is	based	upon	a	publication	of	the	Instituto	Nacional	de	Tecnologia	(1989)	in

Rio	de	Janeiro,	Table	10.13	on	Abeysekera	and	Shanavaz	(1987),	and	Table	10.14	on	Gite
and	Yadav	(1989).	In	each	case	missing	data	were,	wherever	possible,	estimated	by	scaling
up	from	the	nearest	available	dimension	and,	failing	that,	the	E	coefficients	of	Table	10.1
were	used.
Stature	data	and	E	coefficients	used	in	Table	10.16	for	men	are	based	on	sources	cited	in

Webb	 Associates	 (1978);	 E	 coefficients	 for	 women	 are	 based	 on	 the	 assumption	 that
differences	 in	proportion	between	Japanese	men	and	women	are	 similar	 to	 those	between
European	men	and	women.	(In	the	absence	of	suitable	reference	data,	estimates	were	made
by	scaling	from	the	nearest	available	dimension.)
Table	 10.15	 is	 based	 on	 data	 from	 a	 hitherto	 unpublished	 survey	 of	 Chinese	 industrial

workers	 in	 Hong	 Kong,	 kindly	 supplied	 by	 Bill	 Evans	 of	 the	 Department	 of	 Industrial
Engineering	at	 the	University	of	Hong	Kong.	Dimensions	marked	with	an	asterisk	(*)	are
quoted	directly;	the	remainder	are	estimated	as	for	Table	10.16.

10.5	Infants	(Tables	10.17	to	10.21)
The	 crown-heel	 length	 data	 for	 infants	 were	 taken	 from	 Tanner	 et	 al.	 (1966).	Male	 and
female	data	were	combined	using	equations	A23	and	A24	from	the	Appendix,	and	the	‘point
in	time’	values	of	the	original	data	source	were	converted	to	‘period	of	time’	values	using
the	 equation	 of	 Healy	 (1962).	 Values	 of	 E1	 and	 E2	were	 taken	 from	 the	 survey	 of	 U.S.
infants	 published	by	Snyder	 et	 al.	 (1977).	Linear	 interpolation	was	 required	 to	 adjust	 the
data	to	appropriate	mid-sample	ages.
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10.6	Children	and	Youths	(Tables	10.22	to	10.38)
In	the	tables	for	British	children	and	youths,	a	5-year-old,	for	example,	is	anyone	between
their	fifth	and	sixth	birthdays.	The	stature	data	employed	were	taken	from	a	major	survey	of
British	schoolchildren	published	by	the	Department	of	Education	and	Science	(1972).	Shape
data	 were	 from	Martin	 (1960)	 and	 Snyder	 et	 al.	 (1977).	 The	 predictions	 were	 edited	 to
ensure	 steady	unidirectional	 growth	 in	 all	 percentiles	 and	 compatibility	with	young	 adult
data.	The	data	 are	 the	 same	as	 those	of	 the	Department	of	Education	 and	Science	 (1985)
except	that	a	different	selection	of	anthropometric	variables	is	included:	additional	details
of	the	editing	may	be	found	in	their	report.
The	2-year-old	data	presented	a	particular	problem	since	no	 suitable	 sources	 existed.	 It

was	 therefore	 assumed	 that	 2-	 and	3-year-olds	differed	by	 the	 same	amount	 as	 3-	 and	4-
year-olds.	 This	 assumption	 may,	 however,	 be	 incorrect	 (as	 shown	 by	 Smith	 and	 Norris
[2001])	 and	 the	 dimensions	 overestimated,	 at	 least	 for	male	 2-year-olds,	 and	 the	 data	 in
Table	10.23	should	be	used	with	caution.
No	suitable	sources	exist	for	the	chest	or	abdominal	depths	of	the	under	18-year-olds.	E

coefficients	were	calculated	from	Snyder	et	al.	(1977)	for	equivalent	circumferences;	they
were	then	scaled	down	according	to	young	adult	depth	data.	Relative	chest	depth	for	girls
was	assumed	to	be	the	same	as	that	for	boys	until	11	years	and	then	to	approach	the	adult
female	proportions	by	steady	annual	increments.
Subsequent	 to	 the	 preparation	 of	 these	 estimates,	 a	 British	 Standard	 BS	 7231	 was

published	 dealing	 with	 the	 body	 measurements	 of	 children	 (BSI,	 1990b,c).	 Most	 of	 the
dimensions	given	in	this	standard	are	appropriate	for	clothing	design	rather	than	for	other
areas	 of	 application.	The	 stature	 data	 of	 this	 standard	 differ	 somewhat	 from	 those	 of	 the
Department	 of	 Education	 and	 Science	 (1972)	 survey	 on	 which	 the	 present	 estimates	 are
based.	We	have	no	means	of	knowing	which	is	the	more	representative	survey.	The	reader
is	 invited	 to	 scale	 up	 the	 present	 estimates	 using	 the	 stature	 data	 given	 in	BS	7231,	 if	 it
seems	appropriate	to	do	so.
Similar	 scaling	 will	 be	 needed	 to	 update	 estimates	 as	 secular	 changes	 occur	 in	 the

population.	 Smith	 and	Norris	 (2001)	 have	 reviewed	 the	 secular	 changes	 in	 body	 sizes	 of
U.K.	children	over	the	three	decades	between	the	surveys	carried	out	by	the	Department	of
Education	and	Science	(1972)	in	1970–1971	(as	used	in	the	Bodyspace	tables)	and	a	survey
by	 the	 Department	 of	 Health	 (1999)	 in	 1995–1997	 and	 found	 that	 there	 have	 been
significant	changes.	Stature	has	 increased	by	1%	for	boys	and	1.5%	for	girls,	 and	weight
has	increased	much	more,	by	6%	and	7.5%,	respectively.	The	greatest	increases	were	found
for	children	between	the	ages	of	10	and	14	years.	As	Smith	and	Norris	(2001)	point	out,	the
practical	 effect	 for	 design	will	 depend	 on	 the	 dimension	 concerned	 and	 on	 the	 accuracy
required,	 but	 limb	 dimensions	 and	 reach	 distances	 have	 increased	 significantly.	 The
increase	 in	 weight	 will	 have	 had	 a	 corresponding	 effect	 on	 soft	 tissue	 dimensions.	 Just
taking	one	example	of	the	effects	of	these	secular	changes,	they	estimated	that,	for	forward
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grip	 reach	of	 an	11-year-old,	 the	5th	%ile	value	 in	 the	Bodyspace	 tables	 and	 in	Childata
(Norris	and	Wilson,	1995)	now	represents	the	2nd	%ile,	while	the	original	95th	%ile	value
now	represents	the	86th	%ile	value.	This	type	of	underestimation	will	be	especially	critical
for	clearances	and	for	safety-critical	reach	distances.

10.7	The	Anthropometric	Tables
The	Bodyspace	tables	on	the	following	pages	give	the	anthropometric	estimates	for	various
populations	of	adults,	youths,	children	and	infants.	Definitions	of	the	dimensions	which	are
tabulated	are	given	in	Table	2.4	and	Figure	2.11.

Table	10.1	British	adults	aged	19–65	years
Table	10.2	British	adults	aged	19–25	years
Table	10.3	British	adults	aged	19–45	years

Table	10.4	British	adults	aged	45–65	years
Table	10.5	British	adults	aged	65-80	years
Table	10.6	‘Elderly	people’
Table	10.7	Swedish	adults
Table	10.8	Dutch	adults	aged	20-60	years
Table	10.9	French	drivers
Table	10.10	Polish	industrial	workers
Table	10.11	U.S.	adults	aged	19-65	years
Table	10.12	Brazilian	industrial	workers
Table	10.13	Sri	Lankan	workers
Table	10.14	Indian	agricultural	workers
Table	10.15	Hong	Kong	Chinese	industrial	workers
Table	10.16	Japanese	adults
Table	10.17	Newborn	infants
Table	10.18	Infants	less	than	6	months	of	age
Table	10.19	Infants	from	6	months	to	1	year
Table	10.20	Infants	from	1	year	to	18	months
Table	10.21	Infants	from	18	months	to	2	years
Table	10.22	British	2-year-olds
Table	10.23	British	3-year-olds
Table	10.24	British	4-year-olds
Table	10.25	British	5-year-olds
Table	10.26	British	6-year-olds
Table	10.27	British	7-year-olds
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Table	10.28	British	8-year-olds
Table	10.29	British	9-year-olds
Table	10.30	British	10-year-olds
Table	10.31	British	11-year-olds
Table	10.32	British	12-year-olds
Table	10.33	British	13-year-olds
Table	10.34	British	14-year-olds
Table	10.35	British	15-year-olds
Table	10.36	British	16-year-olds
Table	10.37	British	17-year-olds
Table	10.38	British	18	year-olds

Table	10.1
Anthropometric	 Estimates	 for	 British	 Adults	 Aged	 19	 to	 65	Years	 (all
dimensions	in	millimetres,	except	for	body	weight,	given	in	kilograms)

Dimension
Men Women

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1. Stature 1625 1740 1855 70 1505 1610 1710 62*

2. Eye	height 1515 1630 1745 69 1405 1505 1610 61

3. Shoulder	height 1315 1425 1535 66 1215 1310 1405 58

4. Elbow	height 1005 1090 1180 52 930 1005 1085 46

5. Hip	height 840 920 1000 50 740 810 885 43

6. Knuckle	height 690 755 825 41 660 720 780 36

7. Fingertip	height 590 655 720 38 560 625 685 38

8. Sitting	height 850 910 965 36 795 850 910 35

9. Sitting	eye	height 735 790 845 35 685 740 795 33

10. Sitting	shoulder	height 540 595 645 32 505 555 610 31

11. Sitting	elbow	height 195 245 295 31 185 235 280 29

12. Thigh	thickness 135 160 185 15 125 155 180 17

13. Buttock–knee	length 540 595 645 31 520 570 620 30

14. Buttock–popliteal	length 440 495 550 32 435 480 530 30

15. Knee	height 490 545 595 32 455 500 540 27

16. Popliteal	height 395 440 490 29 355 400 445 27

17. Shoulder	breadth	(bideltoid) 420 465 510 28 355 395 435 24

18. Shoulder	breadth	(biacromial) 365 400 430 20 325 355 385 18

19. Hip	breadth 310 360 405 29 310 370 435 38

20. Chest	(bust)	depth 215 250 285 22 210 250 295 27

21. Abdominal	depth 220 270 325 32 205 255 305 30
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22. Shoulder–elbow	length 330 365 395 20 300 330 360 17

23. Elbow–fingertip	length 440 475 510 21 400 430 460 19

24. Upper	limb	length 720 780 840 36 655 705 760 32

25. Shoulder–grip	length 610 665 715 32 555 600 650 29

26. Head	length 180 195 205 8 165 180 190 7

27. Head	breadth 145 155 165 6 135 145 150 6

28. Hand	length 175 190 205 10 160 175 190 9

29. Hand	breadth 80 85 95 5 70 75 85 4

30. Foot	length 240 265 285 14 215 235 255 12

31. Foot	breadth 85 95 110 6 80 90 100 6

32. Span 1655 1790 1925 83 1490 1605 1725 71

33. Elbow	span 865 945 1020 47 780 850 920 43

34. Vertical	grip	reach	(standing) 1925 2060 2190 80 1790 1905 2020 71

35. ertical	grip	reach	(sitting) 1145 1245 1340 60 1060 1150 1235 53

36. Forward	grip	reach 720 780 835 34 650 705 755 31

Body	weight 55 75 94 12 44 63 81 11*

Notes:	See	notes	in	Section	10.1,	Section	10.2	and	Section	10.3.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.2
Anthropometric	 Estimates	 for	 British	 Adults	 Aged	 19	 to	 25	Years	 (all
dimensions	in	millimetres)

Dimension
Men Women

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1. Stature 1640 1760 1880 73 1520 1620 1720 61*

2. Eye	height 1530 1650 1770 72 1415 1515 1615 60

3. Shoulder	height 1330 1445 1555 69 1225 1320 1410 57

4. Elbow	height 1020 1105 1195 54 940 1015 1090 45

5. Hip	height 850 935 1020 52 745 815 885 43

6. Knuckle	height 695 765 835 42 665 725 785 35

7. Fingertip	height 595 665 730 40 565 630 690 38

8. Sitting	height 855 915 980 37 800 855 915 35

9. Sitting	eye	height 740 795 855 36 690 745 800 33

10. Sitting	shoulder	height 545 600 655 33 510 560 610 31

11. Sitting	elbow	height 195 245 300 32 180 230 275 28

12. Thigh	thickness 130 160 185 16 120 150 175 16

13. Buttock-knee	length 545 595 650 32 520 565 615 29
LifeScan, Inc. Ex. 1040 - Page 56 

LifeScan, Inc. v. Facet Technologies LLC 
IPR2023-00712 - U.S. Patent No. 8,840,635



14. Buttock-popliteal	length 445 500 555 34 430 475 525 29

15. Knee	height 495 550 605 33 460 500 545 26

16. Popliteal	height 400 445 495 30 355 400 445 27

17. Shoulder	breadth	(bideltoid) 415 465 510 29 355 395 435 24

18. Shoulder	breadth	(biacromial) 370 405 440 21 330 360 390 18

19. Hip	breadth 300 350 400 31 300 350 400 29

20. Chest	(bust)	depth 185 225 270 26 190 235 275 26

21. Abdominal	depth 195 240 280 26 185 220 260 22

22. Shoulder-elbow	length 335 370 405 21 305 330 360 17

23. Elbow-fingertip	length 445 480 515 22 400 430 465 19

24. Upper	limb	length 730 790 850 37 660 710 760 32

25. Shoulder-grip	length 615 670 730 34 560 605 650 29

26. Head	length 185 195 210 8 170 180 190 7

27. Head	breadth 145 155 165 7 135 145 155 5

28. Hand	length 175 190 210 10 160 175 190 9

29. Hand	breadth 80 90 95 5 70 75 85 4

30. Foot	length 245 270 290 15 220 240 260 12

31. Foot	breadth 90 100 110 7 80 90 100 5

32. Span 1670 1815 1955 86 1500 1615 1730 70

33. Elbow	span 875 955 1035 49 785 855 925 42

34. Vertical	grip	reach	(standing) 1950 2085 2220 83 1805 1915 2030 70

35. Vertical	grip	reach	(sitting) 1155 1260 1360 63 1070 1155 1245 52

36. Forward	grip	reach 730 790 845 36 655 705 755 31

Notes:	Best	estimates	for	overall	British	population	in	the	year	2000.
See	notes	in	Section	10.1,	Section	10.2	and	Section	10.3.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.3
Anthropometric	 Estimates	 for	 British	 Adults	 Aged	 19	 to	 45	Years	 (all
dimensions	in	millimetres)

Dimension
Men Women

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1. Stature 1635 1745 1860 69 1515 1615 1715 61*

2. Eye	height 1525 1635 1750 68 1415 1515 1615 60

3. Shoulder	height 1325 1435 1540 65 1225 1315 1410 57

4. Elbow	height 1015 1100 1185 51 940 1015 1085 45

5. Hip	height 845 925 1005 49 745 815 885 43
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6. Knuckle	height 695 760 825 40 665 725 780 35

7. Fingertip	height 595 660 720 38 565 625 690 38

8. Sitting	height 855 915 970 35 800 855 915 35

9. Sitting	eye	height 740 795 850 34 690 745 800 33

10. Sitting	shoulder	height 545 595 650 31 510 560 610 31

11. Sitting	elbow	height 195 245 295 30 190 235 280 28

12. Thigh	thickness 135 160 185 15 125 155 180 16

13. Buttock-knee	length 545 595 645 30 520 570 610 29

14. Buttock-popliteal	length 445 495 550 32 435 480 530 29

15. Knee	height 495 545 600 31 460 500 545 26

16. Popliteal	height 395 445 490 28 355 400 445 27

17. Shoulder	breadth	(bideltoid) 420 465 510 28 355 395 435 24

18. Shoulder	breadth	(biacromial) 365 400 435 20 330 360 390 18

19. Hip	breadth 310 355 405 29 300 365 425 37

20. Chest	(bust)	depth 200 240 275 23 195 240 285 26

21. Abdominal	depth 210 255 300 28 195 245 290 29

22. Shoulder-elbow	length 330 365 400 20 305 330 360 17

23. Elbow-fingertip	length 445 475 510 21 400 430 460 19

24. Upper	limb	length 725 785 840 35 655 710 760 32

25. Shoulder-grip	length 615 665 720 32 555 605 650 29

26. Head	length 185 195 210 8 165 180 190 7

27. Head	breadth 145 155 165 6 135 145 155 5

28. Hand	length 175 190 205 10 160 175 190 9

29. Hand	breadth 80 85 95 5 70 75 85 4

30. Foot	length 245 265 290 14 215 235 255 12

31. Foot	breadth 90 100 110 6 80 90 100 5

32. Span 1665 1800 1935 81 1500 1615 1730 70

33. Elbow	span 875 950 1025 46 785 855 920 42

34. Vertical	grip	reach	(standing) 1940 2070 2200 79 1800 1915 2030 70

35. Vertical	grip	reach	(sitting) 1150 1250 1345 59 1070 1155 1240 52

36. Forward	grip	reach 725 785 840 34 655 705 755 31

Notes:	See	notes	in	Section	10.1,	Section	10.2	and	Section	10.3.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.4
Anthropometric	 Estimates	 for	 British	 Adults	 Aged	 45	 to	 65	Years	 (all
dimensions	in	millimetres)
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Men Women

Dimension 5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1610 1720 1830 67 1495 1595 1695 61*

2.	Eye	height 1505 1610 1720 66 1395 1495 1595 60

3.	Shoulder	height 1305 1410 1515 63 1205 1300 1395 57

4.	Elbow	height 1000 1080 1160 50 925 1000 1075 45

5.	Hip	height 835 910 990 48 735 805 875 43

6.	Knuckle	height 685 750 810 39 655 715 775 35

7.	Fingertip	height 590 650 710 37 555 620 680 38

8.	Sitting	height 840 900 955 34 785 845 900 35

9.	Sitting	eye	height 725 780 835 34 680 735 790 33

10.	Sitting	shoulder	height 535 585 635 30 500 550 600 31

11.	Sitting	elbow	height 190 240 290 29 185 230 280 28

12.	Thigh	thickness 135 160 185 15 130 155 180 16

13.	Buttock–knee	length 540 585 635 29 520 570 620 29

14.	Buttock–popliteal	length 440 490 540 31 435 480 530 29

15.	Knee	height 490 540 590 30 450 495 540 26

16.	Popliteal	height 390 435 480 27 350 395 440 27

17.	Shoulder	breadth	(bideltoid) 415 460 505 27 350 390 430 24

18.	Shoulder	breadth	(biacromial) 360 395 425 19 325 355 385 18

19.	Hip	breadth 310 360 405 28 315 375 440 37

20.	Chest	(bust)	depth 225 260 295 20 220 265 305 26

21.	Abdominal	depth 230 285 340 34 220 270 320 31

22.	Shoulder–elbow	length 330 360 390 19 300 325 355 17

23.	Elbow–fingertip	length 435 470 505 20 395 425 455 19

24.	Upper	limb	length 715 770 830 34 650 700 755 32

25.	Shoulder–grip	length 605 655 710 31 550 595 645 29

26.	Head	length 180 195 205 7 165 175 190 7

27.	Head	breadth 140 150 160 6 135 140 150 5

28.	Hand	length 170 185 205 9 155 170 185 9

29.	Hand	breadth 80 85 95 5 70 75 80 4

30.	Foot	length 240 260 285 13 215 235 255 12

31.	Foot	breadth 85 95 105 6 80 90 95 5

32.	Span 1640 1770 1900 79 1480 1595 1710 70

33.	Elbow	span 860 935 1010 45 775 845 910 42

34.	Vertical	grip	reach	(standing) 1910 2035 2160 76 1775 1890 2000 70

35.	Vertical	grip	reach	(sitting) 1135 1230 1325 58 1055 1140 1225 52

36.	Forward	grip	reach 715 770 825 33 645 695 750 31

Notes:	See	notes	in	Section	10.1,	Section	10.2	and	Section	10.3.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.
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Table	10.5
Anthropometric	 Estimates	 for	 British	 Adults	 Aged	 65	 to	 80	Years	 (all
dimensions	in	millimetres)

Men Women

Dimension 5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1575 1685 1790 66 1475 1570 1670 60

2.	Eye	height 1470 1575 1685 65 1375 1475 1570 59

3.	Shoulder	height 1280 1380 1480 62 1190 1280 1375 56

4.	Elbow	height 975 1055 1135 49 910 985 1055 44

5.	Hip	height 820 895 975 47 740 810 875 42

6.	Knuckle	height 670 730 795 38 645 705 760 35

7.	Fingertip	height 575 635 695 36 550 610 670 37

8.	Sitting	height 815 875 930 36 750 815 885 41

9.	Sitting	eye	height 705 760 815 34 645 710 770 38

10.	Sitting	shoulder	height 520 570 625 32 475 535 590 36

11.	Sitting	elbow	height 175 220 270 29 165 210 260 28

12.	Thigh	thickness 125 150 175 15 115 145 170 16

13.	Buttock–knee	length 530 580 625 29 520 565 615 29

14.	Buttock–popliteal	length 430 485 535 31 430 480 525 29

15.	Knee	height 480 525 575 30 455 500 540 26

16.	Popliteal	height 385 425 470 27 355 395 440 26

17.	Shoulder	breadth	(bideltoid) 400 445 485 26 345 385 425 23

18.	Shoulder	breadth	(biacromial) 350 375 405 17 320 350 380 17

19.	Hip	breadth 305 350 395 28 310 370 430 37

20.	Chest	(bust)	depth 225 260 290 20 220 265 305 26

21.	Abdominal	depth 245 300 355 33 225 270 320 30

22.	Shoulder–elbow	length 320 350 385 19 295 320 350 17

23.	Elbow–fingertip	length 425 460 490 20 390 420 450 19

24.	Upper	limb	length 700 755 810 34 640 690 740 31

25.	Shoulder–grip	length 595 645 695 30 540 590 635 28

26.	Head	length 175 190 200 7 165 175 185 7

27.	Head	breadth 140 150 160 6 130 140 150 5

28.	Hand	length 170 185 200 9 155 170 185 9

29.	Hand	breadth 75 85 90 5 65 75 80 4

30.	Foot	length 235 255 280 13 210 230 250 12

31.	Foot	breadth 85 95 105 6 80 85 95 5

32.	Span 1605 1735 1860 78 1460 1570 1685 68

33.	Elbow	span 840 915 985 44 760 830 900 41
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34.	Vertical	grip	reach	(standing) 1840 1965 2090 75 1725 1835 1950 68

35.	Vertical	grip	reach	(sitting) 1110 1205 1295 57 1040 1125 1210 52

36.	Forward	grip	reach 700 755 805 32 640 685 735 30

Notes:	See	notes	in	Section	10.1,	Section	10.2	and	Section	10.3.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.6
Anthropometric	 Estimates	 for	 ‘Elderly	 People’	 (all	 dimensions	 in
millimetres)

Men Women

Dimension 5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1515 1640 1765 77 1400 1515 1630 70*

2.	Eye	height 1410 1535 1660 76 1305 1420 1535 69

3.	Shoulder	height 1225 1345 1465 72 1130 1235 1340 65

4.	Elbow	height 935 1025 1120 57 860 945 1030 52

5.	Hip	height 785 875 965 55 700 780 860 49

6.	Knuckle	height 640 715 785 45 610 680 745 41

7.	Fingertip	height 550 620 690 42 515 590 660 43

8.	Sitting	height 785 850 920 42 710 785 865 48

9.	Sitting	eye	height 675 740 805 40 610 685 755 45

10.	Sitting	shoulder	height 495 555 615 37 445 515 585 42

11.	Sitting	elbow	height 160 215 270 34 150 205 255 32

12.	Thigh	thickness 120 145 175 17 105 140 170 19

13.	Buttock–knee	length 510 565 620 34 490 545 600 34

14.	Buttock–popliteal	length 410 470 530 36 405 460 515 34

15.	Knee	height 455 515 570 35 430 480 530 30

16.	Popliteal	height 365 415 470 32 330 380 430 31

17.	Shoulder	breadth	(bideltoid) 380 430 480 31 325 370 415 27

18.	Shoulder	breadth	(biacromial) 335 365 400 20 305 335 370 20

19.	Hip	breadth 290 340 395 32 285 355 425 43

20.	Chest	(bust)	depth 215 255 290 23 205 255 305 30

21.	Abdominal	depth 230 290 355 39 205 260 320 35

22.	Shoulder–elbow	length 305 345 380 22 280 310 345 20

23.	Elbow–fingertip	length 410 450 485 23 370 405 440 22

24.	Upper	limb	length 670 735 800 39 605 665 725 36

25.	Shoulder–grip	length 570 625 685 35 510 565 620 33
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26.	Head	length 170 185 200 8 155 170 180 8

27.	Head	breadth 135 145 155 7 125 135 145 6

28.	Hand	length 160 180 195 11 145 165 180 10

29.	Hand	breadth 75 80 90 5 65 70 80 5

30.	Foot	length 225 250 275 15 200 225 245 14

31.	Foot	breadth 80 90 105 7 75 85 95 6

32.	Span 1540 1690 1840 91 1380 1515 1645 80

33.	Elbow	span 805 890 975 52 720 800 880 48

34.	Vertical	grip	reach	(standing) 1770 1915 2060 88 1640 1770 1900 80

35.	Vertical	grip	reach	(sitting) 1065 1175 1280 66 985 1085 1180 60

36.	Forward	grip	reach 675 735 795 38 605 660 720 35

Notes:	See	notes	in	Section	10.1,	Section	10.2	and	Section	10.3.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.7
Anthropometric	 Estimates	 for	 Swedish	 Adults	 (all	 dimensions	 in
millimetres,	except	for	body	weight,	given	in	kilograms)

Men Women

Dimension
5th

%ile
50th
%ile

95th
%ile

SD
5th

%ile
50th	%ile 95th	%ile SD

1.	Stature 1630 1740 1850 68 1540 1640 1740 62*

2.	Eye	height 1520 1630 1740 68 1435 1535 1635 62*

3.	Shoulder	height 1345 1445 1545 62 1255 1355 1455 60*

4.	Elbow	height 1020 1100 1180 49 905 1025 1145 73*

5.	Hip	height 815 890 965 45 745 830 915 52*

6.	Knuckle	height 720 760 800 25 675 735 795 36

7.	Fingertip	height 595 655 715 37 570 635 700 38

8.	Sitting	height 830 900 970 43 805 860 915 33*

9.	Sitting	eye	height 715 785 855 42 705 755 805 30*

10.	Sitting	shoulder	height 545 600 655 34 525 575 625 30*

11.	Sitting	elbow	height 175 225 275 31 165 215 265 31*

12.	Thigh	thickness 120 152 180 18 130 155 180 16*

13.	Buttock–knee	length 545 595 645 30 525 585 645 35*

14.	Buttock–popliteal	length 430 480 530 30 430 485 540 33*

15.	Knee	height 480 530 580 30 455 500 545 28*

16.	Popliteal	height 385 430 475 27 350 400 450 29

420 465 510 27 355 390 425 20
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17.	Shoulder	breadth	(bideltoid)

18.	 Shoulder	 breadth
(biacromial)

365 400 435 20 325 350 375 15*(W)

19.	Hip	breadth 310 360 410 29 315 365 415 31

20.	Chest	(bust)	depth 185 220 255 21 185 241 300 35

21.	Abdominal	depth 190 240 290 31 180 245 310 40*

22.	Shoulder–elbow	length 330 365 400 20 305 335 365 17

23.	Elbow–fingertip	length 440 475 510 20 413 442 471 19*(W)

24.	Upper	limb	length 720 780 840 35 660 705 750 28*(W)

25.	Shoulder–grip	length 615 665 715 31 555 595 635 24

26.	Head	length 185 195 205 7 170 180 190 7

27.	Head	breadth 145 155 165 6 135 145 155 6

28.	Hand	length 175 190 205 10 165 180 195 10*(W)

29.	Hand	breadth 75 85 95 5 70 75 80 4*(W)

30.	Foot	length 240 265 290 14 225 245 265 11*(W)

31.	Foot	breadth 85 95 105 6 85 95 105 7*(W)

32.	Span 1660 1790 1920 80 1525 1640 1755 71

33.	Elbow	span 870 945 1020 45 795 865 935 43

34.	Vertical	grip	reach	(standing) 1930 2060 2190 78 1825 1940 2055 70

35.	Vertical	grip	reach	(sitting) 1150 1245 1340 58 1090 1175 1260 53

36.	Forward	grip	reach 725 780 835 33 665 715 765 31

Body	weight 48 59 70 7*

Notes:	See	notes	in	Section	10.1,	10.2	and	10.4.
Dimensions	marked	with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source	 (W	 for

women	only).	The	remainder	have	been	estimated.

Table	10.8
Anthropometric	 Estimates	 for	 Dutch	 Adults	 Aged	 20	 to	 60	 Years	 (all
dimensions	in	millimetres,	except	for	body	weight,	given	in	kilograms)

Men Women

Dimension 5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1690 1795 1900 65 1545 1650 1755 65*

2.	Eye	height 1575 1670 1765 59 1435 1530 1625 59*

3.	Shoulder	height 1400 1495 1590 58 1265 1365 1465 61*

4.	Elbow	height 1055 1135 1215 48 980 1050 1120 43*

5.	Hip	height 885 960 1035 46 780 845 910 40*

6.	Knuckle	height 745 795 845 30 705 775 845 42*

7.	Fingertip	height 645 690 735 28 605 675 745 42
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8.	Sitting	height 885 940 995 34 820 875 930 33*

9.	Sitting	eye	height 770 820 875 32 695 750 805 32*

10.	Sitting	shoulder	height 570 620 670 31 515 565 615 30

11.	Sitting	elbow	height 195 240 280 26 200 240 280 26*

12.	Thigh	thickness 120 140 160 12 125 150 175 17*

13.	Buttock–knee	length 575 620 665 28 550 600 650 31*

14.	Buttock–popliteal	length 470 520 570 30 440 495 550 32*

15.	Knee	height 520 565 610 28 450 505 560 32

16.	Popliteal	height 415 455 495 25 370 405 445 25*

17.	Shoulder	breadth	(bideltoid) 430 475 520 28 355 400 445 27

18.	Shoulder	breadth	(biacromial) 385 410 445 20 330 360 390 20*

19.	Hip	breadth 340 375 410 20 340 395 450 34

20.	Chest	(bust)	depth 240 285 330 26 230 290 350 36*

21.	Abdominal	depth 245 310 375 38 230 295 360 40

22.	Shoulder–elbow	length 340 375 405 19 305 335 365 18

23.	Elbow–fingertip	length 455 490 525 20 405 440 475 20

24.	Upper	limb	length 750 805 860 33 665 720 775 34

25.	Shoulder–grip	length 635 685 735 30 560 610 660 30

26.	Head	length 190 200 210 7 175 185 195 7

27.	Head	breadth 150 160 170 6 140 150 160 6

28.	Hand	length 180 195 210 9 160 175 190 9*

29.	Hand	breadth 80 90 100 5 70 80 90 4

30.	Foot	length 255 275 295 13 220 240 260 13

31.	Foot	breadth 90 100 110 6 80 90 100 6

32.	Span 1720 1845 1970 77 1510 1635 1760 75

33.	Elbow	span 905 975 1045 44 790 865 920 45

34.	Vertical	grip	reach	(standing) 2000 2125 2250 76 1780 1905 2030 76*

35.	Vertical	grip	reach	(sitting) 1190 1280 1890 55 1085 1175 1265 56

36.	Forward	grip	reach 680 745 810 38 635 705 780 44*

Body	weight 60 76 92 10 49 65 81 10*

Notes:	See	notes	in	Section	10.1,	10.2	and	10.4.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.9
Anthropometric	 Estimates	 for	 French	 Drivers	 (all	 dimensions	 in
millimetres,	except	for	body	weight,	given	in	kilograms)

Men Women
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Dimension 5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1600 1715 1830 69 1500 1600 1700 61*

2.	Eye	height 1450 1560 1670 68 1400 1500 1600 60

3.	Shoulder	height 1300 1405 1510 65 1210 1305 1400 57

4.	Elbow	height 995 1080 1165 51 925 1000 1075 45

5.	Hip	height 815 895 975 49 750 820 890 43

6.	Knuckle	height 680 745 810 40 655 715 775 35

7.	Fingertip	height 580 645 710 38 560 620 680 37

8.	Sitting	height 850 910 970 35 810 860 910 31*

9.	Sitting	eye	height 735 795 855 35 700 750 800 30*

10.	Sitting	shoulder	height 570 620 670 31 535 580 625 27*

11.	Sitting	elbow	height 190 240 290 30 185 230 275 28

12.	Thigh	thickness 150 180 210 17 135 165 195 17*

13.	Buttock–knee	length 550 595 640 28 520 565 610 28*

14.	Buttock–popliteal	length 435 480 525 26 415 460 505 26*

15.	Knee	height 485 530 575 26 455 495 535 24*

16.	Popliteal	height 385 425 465 25 350 390 430 23*

17.	Shoulder	breadth	(bideltoid) 425 470 515 26 380 425 470 27*

18.	Shoulder	breadth	(biacromial) 360 395 430 20 325 355 385 18

19.	Hip	breadth 330 370 410 24 330 380 430 30*

20.	Chest	(bust)	depth 210 245 280 22 205 250 295 26

21.	Abdominal	depth 220 270 320 31 205 255 305 30

22.	Shoulder–elbow	length 325 360 395 20 300 330 360 17*

23.	Elbow–fingertip	length 435 470 505 21 395 425 455 19*

24.	Upper	limb	length 710 770 830 35 650 705 760 32*

25.	Shoulder–grip	length 600 655 710 32 550 600 650 29

26.	Head	length 175 190 205 8 170 180 190 7

27.	Head	breadth 140 150 160 6 130 140 150 5

28.	Hand	length 170 185 200 10 160 175 190 9

29.	Hand	breadth 75 85 95 5 70 75 80 4

30.	Foot	length 235 260 285 14 215 235 255 12

31.	Foot	breadth 85 95 105 6 80 90 100 5

32.	Span 1630 1765 1900 81 1485 1600 1715 70

33.	Elbow	span 855 930 1005 46 775 845 915 42

34.	Vertical	grip	reach	(standing) 1900 2030 2160 79 1780 1895 2010 70

35.	Vertical	grip	reach	(sitting) 1130 1225 1320 59 1060 1145 1230 52

36.	Forward	grip	reach 715 770 825 34 645 700 755 32

Body	weight 58 73 95 11 47 58 78 10*

Notes:	See	notes	in	Section	10.1,	10.2	and	10.4.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.
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Table	10.10
Anthropometric	Estimates	for	Polish	Industrial	Workers	(all	dimensions
in	millimetres)

Men Women

Dimension 5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1595 1695 1795 61 1480 1575 1670 58*

2.	Eye	height 1505 1600 1695 58 1390 1485 1580 57*

3.	Shoulder	height 1275 1365 1455 54 1170 1280 1390 68*

4.	Elbow	height 990 1065 1140 45 915 985 1055 43

5.	Hip	height 810 880 950 43 745 810 875 41

6.	Knuckle	height 545 595 640 29 535 570 605 22*

7.	Fingertip	height 615 675 735 36 590 645 700 32*

8.	Sitting	height 830 885 940 34 770 825 880 33*

9.	Sitting	eye	height 720 780 840 36 665 725 785 35*

10.	Sitting	shoulder	height 555 605 655 31 515 565 615 31*

11.	Sitting	elbow	height 195 240 285 27 185 230 275 27

12.	Thigh	thickness 110 140 170 19 115 140 165 16*

13.	Buttock–knee	length 540 585 630 26 515 565 615 29*

14.	Buttock–popliteal	length 405 455 505 29 360 450 540 54*

15.	Knee	height 485 530 575 27 445 485 525 24*

16.	Popliteal	height 410 445 480 21 390 420 450 19*

17.	Shoulder	breadth	(bideltoid) 405 440 475 21 350 380 410 18*

18.	Shoulder	breadth	(biacromial) 360 390 420 18 320 350 380 17*

19.	Hip	breadth 305 345 385 25 315 360 405 26*

20.	Chest	(bust)	depth 215 245 275 19 205 245 285 25

21.	Abdominal	depth 220 265 310 27 205 250 295 28

22.	Shoulder–elbow	length 310 330 350 13 280 300 320 12*

23.	Elbow–fingertip	length 430 460 490 18 390 420 450 18

24.	Upper	limb	length 705 755 805 30 655 700 745 28*

25.	Shoulder–grip	length 640 675 710 22 595 625 655 18*

26.	Head	length 175 185 195 7 170 180 190 5*

27.	Head	breadth 145 155 165 6 140 150 160 5*

28.	Hand	length 175 190 205 8 160 175 190 8*

29.	Hand	breadth 80 90 100 5 75 80 85 4*

30.	Foot	length 240 260 280 12 210 230 250 11

31.	Foot	breadth 85 95 105 5 75 85 95 5

32.	Span 1640 1755 1870 70 1505 1610 1715 65*

33.	Elbow	span 795 860 925 38 720 785 850 41*

34.	Vertical	grip	reach	(standing) 2065 2205 2345 84 1875 2005 2135 79*
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35.	Vertical	grip	reach	(sitting) 1210 1290 1370 50 1115 1185 1255 42*

36.	Forward	grip	reach 730 795 860 38 680 735 790 34*

Notes:	See	notes	in	Section	10.1,	10.2	and	10.4.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.11
Anthropometric	 Estimates	 for	 U.S.	 Adults	 Aged	 19	 to	 65	 Years	 (all
dimensions	in	millimetres,	except	for	body	weight,	given	in	kilograms)

Men Women

Dimension 5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1640 1755 1870 71 1520 1625 1730 64*

2.	Eye	height 1529 1644 1759 70 1416 1519 1622 63

3.	Shoulder	height 1330 1440 1550 67 1225 1325 1425 60

4.	Elbow	height 1020 1105 1190 53 945 1020 1095 47

5.	Hip	height 835 915 995 50 760 835 910 45

6.	Knuckle	height 700 765 830 41 670 730 790 37

7.	Fingertip	height 595 660 725 39 565 630 695 40

8.	Sitting	height 855 915 975 36 800 860 920 36

9.	Sitting	eye	height 740 800 860 35 690 750 810 35

10.	Sitting	shoulder	height 545 600 655 32 510 565 620 32

11.	Sitting	elbow	height 195 245 295 31 185 235 285 29

12.	Thigh	thickness 135 160 185 16 125 155 185 17

13.	Buttock–knee	length 550 600 650 31 525 575 625 31

14.	Buttock–popliteal	length 445 500 555 33 440 490 540 31

15.	Knee	height 495 550 605 32 460 505 550 28

16.	Popliteal	height 395 445 495 29 360 405 450 28

17.	Shoulder	breadth	(bideltoid) 425 470 515 28 360 400 440 25

18.	Shoulder	breadth	(biacromial) 365 400 435 21 330 360 390 19

19.	Hip	breadth 310 360 410 30 310 375 440 39

20.	Chest	(bust)	depth 220 255 290 22 210 255 300 28

21.	Abdominal	depth 220 275 330 32 210 260 310 31

22.	Shoulder–elbow	length 330 365 400 21 305 335 365 18

23.	Elbow–fingertip	length 445 480 515 21 400 435 470 20

24.	Upper	limb	length 730 790 850 36 655 715 775 35

25.	Shoulder–grip	length 615 670 725 33 560 610 660 30

26.	Head	length 180 195 210 8 165 180 195 8
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27.	Head	breadth 145 155 165 6 135 145 155 6

28.	Hand	length 175 191 205 10 160 175 190 10

29.	Hand	breadth 80 90 100 5 65 75 85 5

30.	Foot	length 240 265 290 14 220 240 260 13

31.	Foot	breadth 90 100 110 6 80 90 100 6

32.	Span 1670 1810 1950 84 1505 1625 1745 73

33.	Elbow	span 875 955 1035 48 790 860 930 44

34.	Vertical	grip	reach	(standing) 1950 2080 2210 80 1805 1925 2045 73

35.	Vertical	grip	reach	(sitting) 1155 1255 1355 61 1070 1160 1250 55

36.	Forward	grip	reach 725 785 845 35 655 710 765 32

Body	weight 55 78 102 14 41 65 89 15*

Notes:	See	notes	in	Section	10.1,	10.2	and	10.4.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.12
Anthropometric	 Estimates	 for	 Brazilian	 Industrial	 Workers	 (all
dimensions	in	millimetres,	except	for	body	weight,	given	in	kilograms)

Men

Dimension 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1595 1700 1810 66*

2.	Eye	height 1490 1595 1700 66*

3.	Shoulder	height 1315 1410 1510 60*

4.	Elbow	height 965 1045 1120 49*

5.	Hip	height 800 880 960 47

6.	Knuckle	height 655 720 785 40

7.	Fingertip	height 565 625 690 37*

8.	Sitting	height 825 880 940 35*

9.	Sitting	eye	height 720 775 830 34*

10.	Sitting	shoulder	height 550 595 645 29*

11.	Sitting	elbow	height 185 230 275 28*

12.	Thigh	thickness 120 150 180 16*

13.	Buttock–knee	length 550 595 650 30*

14.	Buttock–popliteal	length 435 480 530 29*

15.	Knee	height 490 530 575 27*

16.	Popliteal	height 390 425 465 24*

17.	Shoulder	breadth	(bideltoid) 400 445 490 27*

18.	Shoulder	breadth	(biacromial) 355 385 415 19
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19.	Hip	breadth 305 340 385 25*

20.	Chest	depth 205 235 275 22*

21.	Abdominal	depth 220 245 305 33*

22.	Shoulder–elbow	length 335 365 405 21*

23.	Elbow–fingertip	length 440 475 510 22

24.	Upper	limb	length 725 785 850 38*

25.	Shoulder–grip	length 615 670 725 34

26.	Head	length 175 190 205 8

27.	Head	breadth 140 150 160 6

28.	Hand	length 170 185 200 9

29.	Hand	breadth 75 85 95 5

30.	Foot	length 240 260 280 12*

31.	Foot	breadth 95 100 110 5*

32.	Span 1625 1755 1885 78

33.	Elbow	span 855 925 995 44

34.	Vertical	grip	reach	(standing) 1895 2020 2145 75

35.	Vertical	grip	reach	(sitting) 1130 1220 1310 56

36.	Forward	grip	reach 710 765 820 32

Body	weight 52 66 86 11*

Notes:	See	notes	in	Section	10.1,	10.2	and	10.4.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.13
Anthropometric	 Estimates	 for	 Sri	 Lankan	Workers	 (all	 dimensions	 in
millimetres,	except	for	body	weight,	given	in	kilograms)

Men Women

Dimension
5th

%ile
50th
%ile

95th
%ile

SD
5th

%ile
50th	%ile 95th	%ile SD

1.	Stature 1535 1640 1745 64 1425 1525 1620 59*

2.	Eye	height 1430 1505 1640 63 1325 1420 1520 59*

3.	Shoulder	height 1280 1375 1475 60 1180 1270 1360 60*

4.	Elbow	height 930 1015 1100 70 875 940 1015 62*

5.	Hip	height 885 970 1060 59 840 920 985 77*

6.	Knuckle	height 630 700 770 42 580 655 730 45

7.	Fingertip	height 555 605 665 39 505 570 675 45*

8.	Sitting	height 780 835 890 33 725 775 830 32*

9.	Sitting	eye	height 680 730 785 32 625 675 725 30*
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10.	Sitting	shoulder	height 520 570 620 30 475 525 575 29*

11.	Sitting	elbow	height 160 200 240 25 150 185 220 20*

12.	Thigh	thickness 100 120 140 11 70 85 100 9*

13.	Buttock–knee	length 510 555 620 32 485 535 570 29*

14.	Buttock–popliteal	length 415 460 510 31 400 445 495 35*

15.	Knee	height 410 455 500 29 375 420 465 27*

16.	Popliteal	height 325 370 410 26 290 335 380 27

17.	Shoulder	breadth	(bideltoid) 330 370 400 23 300 330 360 18*

18.	 Shoulder	 breadth
(biacromial)

295 320 345 16 270 295 320 14

19.	Hip	breadth 225 250 280 18 210 245 280 22*

20.	Chest	(bust)	depth 145 170 205 20 130 170 210 25*(M)

21.	Abdominal	depth 140 185 235 29 130 175 220 28

22.	Shoulder–elbow	length 290 345 400 33 270 315 355 26

23.	Elbow–fingertip	length 415 450 490 34 380 410 450 29*

24.	Upper	limb	length 680 735 790 33 615 665 715 30

25.	Shoulder–grip	length 615 665 710 29 560 605 650 28

26.	Head	length 155 180 195 12 150 170 190 20*

27.	Head	breadth 130 145 155 12 125 135 145 17*

28.	Hand	length 165 180 195 12 150 165 180 14*

29.	Hand	breadth 90 100 110 6 80 90 90 5*

30.	Foot	length 230 250 280 17 210 235 255 13*

31.	Foot	breadth 90 105 120 11 80 95 110 12*

32.	Span 1505 1690 1815 89 1405 1545 1680 99*

33.	Elbow	span 780 880 940 51 720 795 870 46*

34.	Vertical	grip	reach	(standing) 1895 1940 2060 73 1695 1805 1915 68

35.	Vertical	grip	reach	(sitting) 1085 1175 1265 55 1010 1090 1170 50

36.	Forward	grip	reach 685 735 785 31 620 670 720 30

Body	weight 39 51 67 8 34 43 56 7

Notes:	See	notes	in	Section	10.1,	10.2	and	10.4.
Dimensions	marked	with	an	asterisk	(*)	are	quoted	from	the	original	source	(or	for	men

only).	The	remainder	have	been	estimated.

Table	10.14
Anthropometric	 Estimates	 for	 Indian	 Agricultural	 Workers	 (all
dimensions	in	millimetres,	except	for	body	weight,	given	in	kilograms)

Men

Dimension 5th	%ile 50th	%ile 95th	%ile SD
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1.	Stature 1540 1620 1700 50*

2.	Eye	height 1425 1510 1595 52*

3.	Shoulder	height 1265 1345 1425 49*

4.	Elbow	height 940 1025 1105 40*

5.	Hip	height 800 865 930 38

6.	Knuckle	height 635 685 730 29*

7.	Fingertip	height 540 585 630 28*

8.	Sitting	height 795 840 880 25*

9.	Sitting	eye	height 695 740 780 26*

10.	Sitting	shoulder	height 520 555 590 21*

11.	Sitting	elbow	height 170 205 235 20*

12.	Thigh	thickness 110 135 160 13*

13.	Buttock–knee	length 520 555 590 21*

14.	Buttock–popliteal	length 435 465 495 18*

15.	Knee	height 460 510 560 30*

16.	Popliteal	height 380 415 450 21*

17.	Shoulder	breadth	(bideltoid) 375 410 440 19*

18.	Shoulder	breadth	(biacromial) 320 355 395 24*

19.	Hip	breadth 280 310 335 16*

20.	Chest	depth 145 170 205 20

21.	Abdominal	depth 140 185 235 33

22.	Shoulder–elbow	length 325 355 385 19

23.	Elbow–fingertip	length 425 460 490 20*

24.	Upper	limb	length 700 755 810 34

25.	Shoulder–grip	length 655 710 760 32*

26.	Head	length 170 180 190 6

27.	Head	breadth 140 145 150 4

28.	Hand	length 170 185 195 8*

29.	Hand	breadth 75 85 90 4*

30.	Foot	length 235 250 265 10*

31.	Foot	breadth 90 95 105 4*

32.	Span 1595 1705 1810 66*

33.	Elbow	span 825 880 935 33*

34.	Vertical	grip	reach	(standing) 1875 1995 2110 72

35.	Vertical	grip	reach	(sitting) 1120 1190 1265 44*

36.	Forward	grip	reach 685 725 765 24

Body	weight 40 49 59 6*

Notes:	See	notes	in	Section	10.1,	10.2	and	10.4.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.
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Table	10.15
Anthropometric	Estimates	 for	Hong	Kong	Chinese	 Industrial	Workers
(all	 dimensions	 in	 millimetres,	 except	 for	 body	 weight,	 given	 in
kilograms)

Men Women

Dimension
5th

%ile
50th
%ile

95th
%ile

SD
5th

%ile
50th	%ile 95th	%ile SD

1.	Stature 1585 1680 1775 58 1455 1555 1655 60*

2.	Eye	height 1470 1555 1640 52 1330 1425 1520 57*

3.	Shoulder	height 1300 1380 1460 50 1180 1265 1350 51*

4.	Elbow	height 950 1015 1080 39 870 935 1000 41*

5.	Hip	height 790 855 920 41 715 785 855 42

6.	Knuckle	height 685 750 815 40 650 715 780 41

7.	Fingertip	height 575 640 705 38 540 610 680 44

8.	Sitting	height 845 900 955 34 780 840 900 37*

9.	Sitting	eye	height 720 780 840 35 660 720 780 35*

10.	Sitting	shoulder	height 555 605 655 31 510 560 610 29*

11.	Sitting	elbow	height 190 240 290 31 165 230 295 38*

12.	Thigh	thickness 110 135 160 14 105 130 155 14

13.	Buttock–knee	length 505 550 595 26 470 520 570 30*

14.	Buttock–popliteal	length 405 450 495 26 385 435 485 29*

15.	Knee	height 450 495 540 26 410 455 500 27*

16.	Popliteal	height 365 405 445 25 325 375 425 29*

17.	Shoulder	breadth	(bideltoid) 380 425 470 26 335 385 435 29*

18.	 Shoulder	 breadth
(biacromial)

335 365 395 19 315 350 385 22

19.	Hip	breadth 300 335 370 22 295 330 365 21*(M)

20.	Chest	(bust)	depth 155 195 235 25 160 215 270 34

21.	Abdominal	depth 150 210 270 36 150 215 280 39

22.	Shoulder–elbow	length 310 340 370 19 290 315 340 16*

23.	Elbow–fingertip	length 410 445 480 22 360 400 440 24*

24.	Upper	limb	length 680 730 780 30 615 660 705 26

25.	Shoulder–grip	length 580 620 660 25 525 560 595 22

26.	Head	length 175 190 205 8 160 175 190 9

27.	Head	breadth 150 160 170 7 135 150 165 8

28.	Hand	length 165 180 195 9 150 165 180 9*

29.	Hand	breadth 70 80 90 5 60 70 80 5*

30.	Foot	length 235 250 265 10 205 225 245 11*

31.	Foot	breadth 85 95 105 5 80 85 90 4*

32.	Span 1480 1635 1790 95 1350 1480 1610 80*

33.	Elbow	span 805 885 965 48 690 775 860 51
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34.	Vertical	grip	reach	(standing) 1835 1970 2105 83 1685 1825 1965 86

35.	Vertical	grip	reach	(sitting) 1110 1205 1300 58 855 940 1025 51

36.	Forward	grip	reach 640 705 770 38 580 635 690 32

Body	weight 47 60 75 9 39 47 62 7

Notes:	See	notes	in	Section	10.1,	10.2	and	10.4.
Dimensions	marked	with	an	asterisk	(*)	are	quoted	from	the	original	source	(or	for	men

only).	The	remainder	have	been	estimated.

Table	10.16
Anthropometric	 Estimates	 for	 Japanese	 Adults	 (all	 dimensions	 in
millimetres,	except	for	body	weight,	given	in	kilograms)

Men Women

Dimension 5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1560 1655 11750 58 1450 1530 1610 48*

2.	Eye	height 1445 1540 1635 57 1350 1425 1500 47

3.	Shoulder	height 1250 1340 1430 54 1075 1145 1215 44

4.	Elbow	height 965 1035 1105 43 895 955 1015 36

5.	Hip	height 765 830 895 41 700 755 810 33

6.	Knuckle	height 675 740 805 40 650 705 760 33

7.	Fingertip	height 565 630 695 38 540 600 660 35

8.	Sitting	height 850 900 950 31 800 845 890 28

9.	Sitting	eye	height 735 785 835 31 690 735 780 28

10.	Sitting	shoulder	height 545 590 635 28 510 555 600 26

11.	Sitting	elbow	height 220 260 300 23 215 250 285 20

12.	Thigh	thickness 110 135 160 14 105 130 155 14

13.	Buttock–knee	length 500 550 600 29 485 530 575 26

14.	Buttock–popliteal	length 410 470 510 31 405 450 495 26

15.	Knee	height 450 490 530 23 420 450 480 18

16.	Popliteal	height 360 400 440 24 325 360 395 21

17.	Shoulder	breadth	(bideltoid) 405 440 475 22 365 395 425 18

18.	Shoulder	breadth	(biacromial) 350 380 410 18 315 340 365 15

19.	Hip	breadth 280 305 330 14 270 305 340 20

20.	Chest	(bust)	depth 180 205 230 16 175 205 235 18

21.	Abdominal	depth 185 220 255 22 170 205 240 20

22.	Shoulder–elbow	length 295 330 365 21 270 300 330 17

23.	Elbow–fingertip	length 405 440 475 20 370 400 430 17

24.	Upper	limb	length 665 715 765 29 605 645 685 25
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25.	Shoulder–grip	length 565 610 655 26 515 550 585 22

26.	Head	length 170 185 200 8 160 170 180 7

27.	Head	breadth 145 155 165 7 140 150 160 6

28.	Hand	length 165 180 195 10 150 165 180 9

29.	Hand	breadth 75 85 95 6 65 75 85 5

30.	Foot	length 230 245 260 10 210 225 240 9

31.	Foot	breadth 95 105 115 5 90 95 100 4

32.	Span 1540 1655 1770 70 1395 1485 1575 56

33.	Elbow	span 790 870 950 48 715 780 845 41

34.	Vertical	grip	reach	(standing) 1805 1940 2075 83 1680 1795 1910 69

35.	Vertical	grip	reach	(sitting) 1105 1185 1265 49 1030 1095 1160 41

36.	Forward	grip	reach 630 690 750 37 570 620 670 31

Body	weight 41 60 74 9 40 51 63 7

Notes:	See	notes	in	Section	10.1,	10.2	and	10.4.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.
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Table	10.17
Anthropometric	 Estimates	 for	 Newborn	 Infants	 (all	 dimensions	 in
millimetres)

Dimension 5th	%ile 50th	%ile 95th	%ile SD

1.	Crown–heel	length	(1)a 465 500 535 20

2.	Crown–-rump	length	(8) 330 350 370 11

3.	Rump–knee	length	(13) 105 125 140 10

4.	Knee–sole	length	(15) 120 135 145 7

5.	Shoulder	breadth	(bideltoid)	(17) 135 150 160 8

6.	Hip	breadth	(19) 105 120 130 8

7.	Shoulder–elbow	length	(22) 85 95 105 6

8.	Elbow–fingertip	length	(23) 120 135 145 7

9.	Head	length	(26) 115 120 125 4

10.	Head	breadth	(27) 90 95 100 3

11.	Hand	length	(28) 55 60 65 3

12.	Hand	breadth	(29) 30 35 35 2

13.	Foot	length	(30) 65 75 80 4

14.	Foot	breadth	(31) 30 30 35 2

Note:	See	notes	in	Section	10.1,	10.2	and	10.5.
aNumbers	in	parentheses	are	the	equivalent	dimensions	in	adult	tables.
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Table	10.18
Anthropometric	 Estimates	 for	 Infants	 Less	 than	 6	Months	 of	 Age	 (all
dimensions	in	millimetres)

Dimension 5th	%ile 50th	%ile 95th	%ile SD

1.	Crown–heel	length	(1)a 510 600 690 54

2.	Crown–-rump	length	(8) 360 410 460 31

3.	Rump–knee	length	(13) 105 150 195 28

4.	Knee–sole	length	(15) 125 160 190 19

5.	Shoulder	breadth	(bideltoid)	(17) 140 180 215 21

6.	Hip	breadth	(19) 100 140 175 22

7.	Shoulder–elbow	length	(22) 90 115 145 16

8.	Elbow–fingertip	length	(23) 125 160 190 19

9.	Head	length	(26) 120 140 160 11

10.	Head	breadth	(27) 100 110 120 7

11.	Hand	length	(28) 55 70 85 9

12.	Hand	breadth	(29) 30 40 45 4

13.	Foot	length	(30) 70 85 105 12

14.	Foot	breadth	(31) 30 40 50 6

Note:	See	notes	in	Section	10.1,	10.2	and	10.5.
aNumbers	in	parentheses	are	the	equivalent	dimensions	in	adult	tables.
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Table	10.19
Anthropometric	 Estimates	 for	 Infants	 from	 6	 Months	 to	 1	 Year	 (all
dimensions	in	millimetres)

Dimension 5th	%ile 50th	%ile 95th	%ile SD

1.	Crown-heel	length	(1)a 655 715 775 37

2.	Crown-rump	length	(8) 435 470 505 21

3.	Rump-knee	length	(13) 155 185 215 19

4.	Knee-sole	length	(15) 170 190 210 13

5.	Shoulder	breadth	(bideltoid)	(17) 185 210 230 14

6.	Hip	breadth	(19) 140 165 190 15

7.	Shoulder-elbow	length	(22) 120 140 155 11

8.	Elbow-fingertip	length	(23) 170 190 210 13

9.	Head	length	(26) 145 160 170 8

10.	Head	breadth	(27) 115 120 130 5

11.	Hand	length	(28) 75 85 95 6

12.	Hand	breadth	(29) 40 45 50 3

13.	Foot	length	(30) 90 105 120 8

14.	Foot	breadth	(31) 40 45 50 4

Note:	See	notes	in	Section	10.1,	10.2	and	10.5.
aNumbers	in	parentheses	are	the	equivalent	dimensions	in	adult	tables.
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Table	10.20
Anthropometric	 Estimates	 for	 Infants	 from	 1	 Year	 to	 18	 Months	 (all
dimensions	in	millimetres)

Dimension 5th	%ile 50th	%ile 95th	%ile SD

1.	Crown-heel	length	(1)a 690 745 800 35

2.	Crown-rump	length	(8) 440 475 505 20

3.	Rump-knee	length	(13) 170 195 225 18

4.	Knee-sole	length	(15) 175 195 215 12

5.	Shoulder	breadth	(bideltoid)	(17) 185 205 230 14

6.	Hip	breadth	(19) 140 165 185 14

7.	Shoulder-elbow	length	(22) 130 145 160 10

8.	Elbow-fingertip	length	(23) 175 195 215 12

9.	Head	length	(26) 150 160 170 7

10.	Head	breadth	(27) 115 120 130 5

11.	Hand	length	(28) 80 90 100 6

12.	Hand	breadth	(29) 40 45 50 3

13.	Foot	length	(30) 100 115 125 8

14.	Foot	breadth	(31) 40 45 55 4

Note:	See	notes	in	Section	10.1,	10.2	and	10.5.
aNumbers	in	parentheses	are	the	equivalent	dimensions	in	adult	tables.
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Table	10.21
Anthropometric	 Estimates	 for	 Infants	 from	 18	Months	 to	 2	 Years	 (all
dimensions	in	millimetres)

Dimension 5th	%ile 50th	%ile 95th	%ile SD

1.	Crown-heel	length	(1)a 780 840 900 36

2.	Crown-rump	length	(8) 490 525 555 20

3.	Rump-knee	length	(13) 200 230 260 18

4.	Knee-sole	length	(15) 210 230 255 13

5.	Shoulder	breadth	(bideltoid)	(17) 205 230 250 14

6.	Hip	breadth	(19) 150 175 200 15

7.	Shoulder-elbow	length	(22) 145 165 180 11

8.	Elbow-fingertip	length	(23) 200 220 240 12

9.	Head	length	(26) 160 175 185 7

10.	Head	breadth	(27) 125 130 140 5

11.	Hand	length	(28) 85 95 105 6

12.	Hand	breadth	(29) 45 50 55 3

13.	Foot	length	(30) 115 125 140 8

14.	Foot	breadth	(31) 45 55 60 4

Notes:	See	notes	in	Section	10.1,	10.2	and	10.5.
aNumbers	in	parentheses	are	the	equivalent	dimensions	in	adult	tables.

Table	10.22
Anthropometric	 Estimates	 for	 British	 2-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension
Boys Girls

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 850 930 1010 49 825 890 955 40*

2.	Eye	height 760 840 920 49 725 805 885 48

3.	Shoulder	height 675 735 795 37 630 695 760 38

4.	Elbow	height 495 555 615 36 480 530 580 30

5.	Hip	height 360 420 480 37 365 415 465 30

6.	Knuckle	height 340 385 430 26 335 375 415 25

7.	Fingertip	height 275 315 360 26 270 310 350 25

8.	Sitting	height 505 545 585 24 485 520 555 21

9.	Sitting	eye	height 410 445 480 20 370 410 450 24
LifeScan, Inc. Ex. 1040 - Page 79 

LifeScan, Inc. v. Facet Technologies LLC 
IPR2023-00712 - U.S. Patent No. 8,840,635



10.	Sitting	shoulder	height 305 340 375 22 275 310 345 20

11.	Sitting	elbow	height 105 140 175 20 105 130 155 15

12.	Thigh	thickness 65 80 95 10 60 75 90 10

13.	Buttock-knee	length 245 275 305 19 250 280 310 17

14.	Buttock-popliteal	length 210 235 260 16 185 245 305 36

15.	Knee	height 235 270 305 20 230 260 290 17

16.	Popliteal	height 155 205 255 29 170 205 240 20

17.	Shoulder	breadth	(bideltoid) 215 245 275 17 210 235 260 14

18.	Shoulder	breadth	(biacromial) 190 215 240 15 190 210 230 12

19.	Hip	breadth 170 190 210 13 165 185 205 11

20.	Chest	(bust)	depth 100 120 140 12 100 115 130 10

21.	Abdominal	depth 130 145 160 10 135 145 155 7

22.	Shoulder-elbow	length 160 185 205 13 160 175 190 10

23.	Elbow-fingertip	length 215 245 275 17 210 235 260 14

24.	Upper	limb	length 365 410 455 28 335 380 425 27

25.	Shoulder-grip	length 295 340 390 28 270 315 360 27

26.	Head	length 170 180 190 7 160 165 170 4

27.	Head	breadth 130 140 150 6 125 130 135 4

28.	Hand	length 90 105 120 8 90 100 110 6

29.	Hand	breadth 50 55 60 4 40 45 50 4

30.	Foot	length 130 145 160 10 130 145 160 9

31.	Foot	breadth 60 65 70 4 50 55 60 4

32.	Span 835 925 1015 54 785 865 945 49

33.	Elbow	span 435 490 540 31 410 455 505 30

34.	Vertical	grip	reach	(standing) 920 1045 1170 77 965 1045 1125 49

35.	Vertical	grip	reach	(sitting) 605 675 745 42 550 620 690 42

36.	Forward	grip	reach 340 400 460 35 345 385 425 25

Notes:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.23
Anthropometric	 Estimates	 for	 British	 3-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension
Boys Girls

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 910 990 1070 48 895 970 1045 46*

2.	Eye	height 810 890 970 48 785 875 965 55
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3.	Shoulder	height 720 780 840 36 690 760 830 43

4.	Elbow	height 535 595 655 35 520 580 640 35

5.	Hip	height 400 460 520 35 405 460 515 33

6.	Knuckle	height 365 410 455 26 360 410 460 29

7.	Fingertip	height 295 340 380 26 290 340 385 29

8.	Sitting	height 530 570 610 25 515 555 595 25

9.	Sitting	eye	height 425 465 505 24 400 445 490 28

10.	Sitting	shoulder	height 310 350 390 23 295 335 375 23

11.	Sitting	elbow	height 115 150 185 20 110 140 170 17

12.	Thigh	thickness 65 85 105 11 60 80 100 12

13.	Buttock-knee	length 270 300 330 19 270 305 340 20

14.	Buttock-popliteal	length 225 250 275 16 215 260 305 26

15.	Knee	height 255 290 325 20 250 285 320 20

16.	Popliteal	height 195 230 265 21 200 230 260 17

17.	Shoulder	breadth	(bideltoid) 230 255 280 16 225 250 275 15

18.	Shoulder	breadth	(biacromial) 200 225 250 14 205 225 245 13

19.	Hip	breadth 175 195 215 13 175 195 215 13

20.	Chest	(bust)	depth 105 125 145 12 105 120 140 12

21.	Abdominal	depth 135 150 165 10 135 150 165 10

22.	Shoulder-elbow	length 175 195 220 13 175 195 215 12

23.	Elbow-fingertip	length 235 260 286 16 230 255 280 16

24.	Upper	limb	length 390 435 480 27 365 415 465 31

25.	Shoulder-grip	length 320 365 410 27 295 345 395 31

26.	Head	length 170 180 190 7 155 165 175 6

27.	Head	breadth 130 140 150 6 120 130 140 5

28.	Hand	length 95 110 125 8 100 110 120 7

29.	Hand	breadth 50 55 60 4 45 50 55 4

30.	Foot	length 140 155 170 10 140 155 170 10

31.	Foot	breadth 60 65 70 4 55 60 65 4

32.	Span 890 980 1070 56 850 940 1030 56

33.	Elbow	span 465 515 570 32 440 495 555 34

34.	Vertical	grip	reach	(standing) 1005 1130 1255 75 1025 1125 1225 61

35.	Vertical	grip	reach	(sitting) 640 705 775 41 605 675 740 41

36.	Forward	grip	reach 360 420 480 35 360 415 470 33

Notes:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.24
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Anthropometric	 Estimates	 for	 British	 4-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension
Boys Girls

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 975 1050 1125 47 965 1050 1135 52*

2.	Eye	height 865 940 1015 47 845 945 1045 62

3.	Shoulder	height 765 825 885 35 745 825 905 48

4.	Elbow	height 580 635 690 34 565 630 695 40

5.	Hip	height 445 500 555 33 445 505 565 36

6.	Knuckle	height 390 435 480 26 390 445 500 33

7.	Fingertip	height 315 360 405 26 315 365 420 33

8.	Sitting	height 550 595 640 26 540 590 640 29

9.	Sitting	eye	height 440 485 530 28 425 480 535 32

10.	Sitting	shoulder	height 320 360 400 24 315 360 405 26

11.	Sitting	elbow	height 125 160 195 20 120 150 180 19

12.	Thigh	thickness 70 90 110 12 60 85 110 14

13.	Buttock-knee	length 295 325 355 19 290 330 370 23

14.	Buttock-popliteal	length 240 265 290 16 250 275 300 16

15.	Knee	height 275 310 345 20 270 310 350 23

16.	Popliteal	height 235 255 275 13 230 255 280 14

17.	Shoulder	breadth	(bideltoid) 240 265 290 15 240 265 290 16

18.	Shoulder	breadth	(biacromial) 215 235 255 13 215 240 265 14

19.	Hip	breadth 180 200 220 13 180 205 230 15

20.	Chest	(bust)	depth 110 130 150 12 110 130 150 13

21.	Abdominal	depth 140 155 170 10 135 155 175 13

22.	Shoulder-elbow	length 190 210 230 13 185 210 235 14

23.	Elbow-fingertip	length 250 275 300 15 245 275 305 18

24.	Upper	limb	length 415 460 505 26 390 450 510 35

25.	Shoulder-grip	length 340 385 430 26 315 370 430 35

26.	Head	length 170 180 190 7 150 165 180 8

27.	Head	breadth 130 140 150 6 125 135 145 6

28.	Hand	length 100 115 130 8 105 120 135 8

29.	Hand	breadth 50 55 60 4 50 55 60 4

30.	Foot	length 150 165 180 10 145 165 185 11

31.	Foot	breadth 60 65 70 4 60 65 70 4

32.	Span 940 1035 1130 58 910 1015 1120 63

33.	Elbow	span 490 545 600 33 475 535 600 38

34.	Vertical	grip	reach	(standing) 1095 1215 1335 73 1085 1205 1325 73

35.	Vertical	grip	reach	(sitting) 670 735 805 40 660 725 795 40

36.	Forward	grip	reach 380 440 500 35 380 445 510 41
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Notes:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.25
Anthropometric	 Estimates	 for	 British	 5-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension
Boys Girls

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1025 1110 1195 52 1015 1100 1185 53*

2.	Eye	height 910 995 1080 53 885 990 1095 64

3.	Shoulder	height 810 875 940 39 785 865 945 48

4.	Elbow	height 605 670 735 39 595 660 725 41

5.	Hip	height 490 550 610 36 490 540 590 31

6.	Knuckle	height 405 455 505 29 410 465 520 34

7.	Fingertip	height 325 375 420 29 330 385 445 34

8.	Sitting	height 575 620 665 28 560 610 660 29

9.	Sitting	eye	height 455 505 555 29 450 500 550 31

10.	Sitting	shoulder	height 340 380 420 25 325 370 415 26

11.	Sitting	elbow	height 130 165 200 22 125 155 185 19

12.	Thigh	thickness 75 90 105 10 70 90 110 12

13.	Buttock-knee	length 310 345 380 21 310 350 390 23

14.	Buttock-popliteal	length 250 280 310 17 265 295 325 19

15.	Knee	height 300 335 370 22 295 330 365 21

16.	Popliteal	height 240 270 300 18 245 270 295 16

17.	Shoulder	breadth	(bideltoid) 245 275 305 17 245 270 295 16

18.	Shoulder	breadth	(biacromial) 225 250 275 15 230 250 270 12

19.	Hip	breadth 185 210 235 15 185 210 235 16

20.	Chest	(bust)	depth 110 135 160 14 110 135 155 14

21.	Abdominal	depth 135 155 175 12 135 160 185 14

22.	Shoulder-elbow	length 205 225 250 14 200 220 245 13

23.	Elbow-fingertip	length 265 295 325 17 260 290 320 17

24.	Upper	limb	length 435 485 535 29 410 470 530 35

25.	Shoulder-grip	length 355 405 450 29 335 390 450 35

26.	Head	length 165 180 195 8 150 165 180 8

27.	Head	breadth 130 140 150 5 120 130 140 5

28.	Hand	length 110 125 140 9 105 120 135 8

29.	Hand	breadth 55 60 65 4 50 55 60 4
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30.	Foot	length 155 175 195 11 155 170 185 10

31.	Foot	breadth 60 70 80 5 60 65 70 4

32.	Span 995 1095 1195 60 955 1060 1165 64

33.	Elbow	span 520 575 635 34 495 560 625 39

34.	Vertical	grip	reach	(standing) 1180 1305 1430 77 1170 1290 1410 72

35.	Vertical	grip	reach	(sitting) 700 775 850 45 685 755 830 45

36.	Forward	grip	reach 420 470 520 30 400 460 520 36

Notes:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.26
Anthropometric	 Estimates	 for	 British	 6-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension
Boys Girls

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1070 1170 1270 60 1070 1160 1250 53*

2.	Eye	height 950 1050 1150 60 935 1045 1155 67

3.	Shoulder	height 845 920 995 45 825 910 995 52

4.	Elbow	height 635 705 775 44 625 695 765 43

5.	Hip	height 520 595 670 45 420 475 530 32

6.	Knuckle	height 425 480 535 33 430 490 550 36

7.	Fingertip	height 340 395 450 33 350 410 470 36

8.	Sitting	height 585 640 695 32 585 635 685 31

9.	Sitting	eye	height 475 525 575 31 470 525 580 32

10.	Sitting	shoulder	height 340 390 440 29 335 380 425 28

11.	Sitting	elbow	height 130 170 210 25 125 160 195 21

12.	Thigh	thickness 75 95 115 13 75 95 115 11

13.	Buttock-knee	length 330 370 410 25 330 370 410 25

14.	Buttock-popliteal	length 270 305 340 21 275 310 345 20

15.	Knee	height 320 360 400 25 320 355 390 21

16.	Popliteal	height 260 295 330 22 265 290 315 16

17.	Shoulder	breadth	(bideltoid) 245 285 325 23 250 285 320 20

18.	Shoulder	breadth	(biacromial) 235 265 295 18 240 260 280 13

19.	Hip	breadth 180 215 250 21 190 220 250 19

20.	Chest	(bust)	depth 110 140 170 19 110 140 170 18

21.	Abdominal	depth 135 160 185 16 135 165 195 18
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22.	Shoulder-elbow	length 215 240 265 16 215 235 255 13

23.	Elbow-fingertip	length 275 310 345 21 275 305 335 18

24.	Upper	limb	length 455 510 565 34 430 495 560 38

25.	Shoulder-grip	length 370 425 480 34 350 415 475 38

26.	Head	length 165 180 195 9 160 170 180 7

27.	Head	breadth 130 140 150 6 125 135 145 6

28.	Hand	length 115 130 145 10 110 125 140 8

29.	Hand	breadth 50 60 70 5 55 60 65 4

30.	Foot	length 165 185 205 13 160 180 200 11

31.	Foot	breadth 65 75 85 6 60 70 80 5

32.	Span 1045 1160 1275 70 1010 1120 1230 68

33.	Elbow	span 545 610 675 40 525 590 660 41

34.	Vertical	grip	reach	(standing) 1235 1390 1545 93 1255 1380 1505 76

35.	Vertical	grip	reach	(sitting) 720 805 890 52 705 790 875 52

36.	Forward	grip	reach 435 495 555 35 435 485 535 31

Notes:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.27
Anthropometric	 Estimates	 for	 British	 7-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension
Boys Girls

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1140 1230 1320 56 1125 1220 1315 59*

2.	Eye	height 1020 1115 1210 57 995 1105 1215 66

3.	Shoulder	height 885 975 1065 54 870 960 1050 54

4.	Elbow	height 680 745 810 40 665 735 805 42

5.	Hip	height 570 635 700 39 555 615 675 35

6.	Knuckle	height 460 510 560 31 465 525 585 37

7.	Fingertip	height 370 420 475 31 375 435 500 37

8.	Sitting	height 615 665 715 30 610 660 710 31

9.	Sitting	eye	height 505 550 595 28 500 555 610 32

10.	Sitting	shoulder	height 360 405 450 27 350 395 440 26

11.	Sitting	elbow	height 140 175 210 20 140 170 200 19

12.	Thigh	thickness 85 105 125 13 85 105 125 13

13.	Buttock-knee	length 355 395 435 24 355 400 445 26

14.	Buttock-popliteal	length 280 325 370 27 290 335 380 27
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15.	Knee	height 340 380 420 25 335 375 415 23

16.	Popliteal	height 285 315 345 19 275 310 345 21

17.	Shoulder	breadth	(bideltoid) 265 300 335 22 255 295 335 24

18.	Shoulder	breadth	(biacromial) 250 275 300 15 245 270 295 15

19.	Hip	breadth 190 225 260 21 195 235 275 23

20.	Chest	(bust)	depth 110 145 180 20 110 145 180 21

21.	Abdominal	depth 135 165 195 19 130 170 210 23

22.	Shoulder-elbow	length 230 255 280 15 225 250 275 15

23.	Elbow-fingertip	length 295 325 355 19 290 320 350 18

24.	Upper	limb	length 485 540 595 32 470 525 580 34

25.	Shoulder-grip	length 400 450 505 32 380 435 495 34

26.	Head	length 170 185 200 8 160 170 180 6

27.	Head	breadth 130 140 150 5 125 135 145 5

28.	Hand	length 120 135 150 9 120 135 150 8

29.	Hand	breadth 60 65 70 4 55 60 65 4

30.	Foot	length 175 195 215 11 170 190 210 12

31.	Foot	breadth 65 75 85 5 65 75 85 5

32.	Span 1125 1230 1335 64 1095 1195 1295 62

33.	Elbow	span 590 650 710 36 570 630 695 38

34.	Vertical	grip	reach	(standing) 1350 1475 1600 76 1325 1455 1585 79

35.	Vertical	grip	reach	(sitting) 770 850 925 48 745 825 905 48

36.	Forward	grip	reach 470 520 570 31 455 505 555 29

Notes:	See	notes	inSection	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.28
Anthropometric	 Estimates	 for	 British	 8-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension
Boys Girls

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1180 1280 1380 60 1185 1280 1375 59*

2.	Eye	height 1070 1165 1260 59 1070 1165 1260 58

3.	Shoulder	height 930 1020 1110 54 930 1015 1100 53

4.	Elbow	height 705 780 855 45 705 775 845 42

5.	Hip	height 605 665 725 35 585 650 715 38

6.	Knuckle	height 480 535 590 32 495 555 615 37

7.	Fingertip	height 390 445 495 32 405 465 525 37
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8.	Sitting	height 630 680 730 31 640 685 730 28

9.	Sitting	eye	height 520 570 620 31 525 580 635 32

10.	Sitting	shoulder	height 380 425 470 27 370 410 450 25

11.	Sitting	elbow	height 145 180 215 21 145 175 205 19

12.	Thigh	thickness 85 110 135 14 90 110 130 13

13.	Buttock-knee	length 355 415 455 25 375 420 465 26

14.	Buttock-popliteal	length 305 340 375 22 310 355 400 27

15.	Knee	height 360 400 440 25 355 395 435 24

16.	Popliteal	height 295 325 355 18 295 330 365 20

17.	Shoulder	breadth	(bideltoid) 275 310 345 21 270 310 350 24

18.	Shoulder	breadth	(biacromial) 265 285 305 13 255 280 305 16

19.	Hip	breadth 200 235 270 20 205 245 285 23

20.	Chest	(bust)	depth 115 150 185 20 120 150 180 20

21.	Abdominal	depth 135 170 205 20 140 180 220 24

22.	Shoulder-elbow	length 240 265 290 15 240 260 285 14

23.	Elbow-fingertip	length 310 340 370 19 305 335 365 19

24.	Upper	limb	length 515 565 615 30 495 555 615 35

25.	Shoulder-grip	length 425 475 525 30 405 465 520 35

26.	Head	length 170 185 200 8 165 175 185 5

27.	Head	breadth 130 140 150 5 125 135 145 5

28.	Hand	length 125 140 155 9 125 140 155 8

29.	Hand	breadth 60 65 70 4 60 65 70 4

30.	Foot	length 180 200 220 12 180 200 220 12

31.	Foot	breadth 70 80 90 5 65 75 85 5

32.	Span 1165 1280 1395 69 1150 1250 1350 60

33.	Elbow	span 610 675 740 39 600 660 720 36

34.	Vertical	grip	reach	(standing) 1425 1550 1675 75 1405 1535 1665 78

35.	Vertical	grip	reach	(sitting) 805 890 975 52 785 870 955 52

36.	Forward	grip	reach 475 535 595 35 475 530 585 34

Notes:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.29
Anthropometric	 Estimates	 for	 British	 9-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension

Boys Girls

SD SD

LifeScan, Inc. Ex. 1040 - Page 87 
LifeScan, Inc. v. Facet Technologies LLC 

IPR2023-00712 - U.S. Patent No. 8,840,635



5th	%ile 50th	%ile 95th	%ile 5th	%ile 50th	%ile 95th	%ile

1.	Stature 1225 1330 1435 63 1220 1330 1440 68*

2.	Eye	height 1005 1110 1215 64 1105 1215 1325 67

3.	Shoulder	height 965 1065 1165 60 955 1060 1165 63

4.	Elbow	height 740 820 900 50 720 815 910 57

5.	Hip	height 635 700 765 40 610 690 770 48

6.	Knuckle	height 505 565 625 36 530 590 650 37

7.	Fingertip	height 410 470 530 36 435 495 555 37

8.	Sitting	height 650 700 750 31 645 700 755 33

9.	Sitting	eye	height 530 585 640 33 540 595 650 33

10.	Sitting	shoulder	height 390 440 490 29 385 430 475 28

11.	Sitting	elbow	height 150 190 230 24 140 180 220 25

12.	Thigh	thickness 90 115 140 15 90 115 140 15

13.	Buttock-knee	length 395 440 485 26 395 445 495 30

14.	Buttock-popliteal	length 325 365 405 25 330 380 430 31

15.	Knee	height 375 420 465 27 375 420 465 27

16.	Popliteal	height 300 340 380 23 300 340 380 24

17.	Shoulder	breadth	(bideltoid) 280 320 360 23 285 320 355 20

18.	Shoulder	breadth	(biacromial) 270 295 320 15 265 295 325 19

19.	Hip	breadth 205 245 285 24 210 255 300 27

20.	Chest	(bust)	depth 120 155 190 22 115 155 195 24

21.	Abdominal	depth 145 180 215 21 140 185 230 26

22.	Shoulder-elbow	length 250 275 305 16 245 275 300 17

23.	Elbow-fingertip	length 320 355 390 21 310 350 390 23

24.	Upper	limb	length 530 585 640 33 500 575 650 45

25.	Shoulder-grip	length 435 490 545 33 405 480 555 45

26.	Head	length 170 185 200 8 165 175 185 7

27.	Head	breadth 135 145 155 5 125 135 145 6

28.	Hand	length 130 145 160 9 130 145 160 10

29.	Hand	breadth 60 65 70 4 60 65 70 4

30.	Foot	length 185 210 235 14 185 210 235 14

31.	Foot	breadth 70 80 90 5 70 80 90 6

32.	Span 1200 1330 1460 78 1180 1300 1420 74

33.	Elbow	span 630 700 775 44 615 685 760 45

34.	Vertical	grip	reach	(standing) 1475 1610 1745 83 1460 1615 1770 94

35.	Vertical	grip	reach	(sitting) 830 920 1010 54 815 905 995 54

36.	Forward	grip	reach 495 555 615 36 485 555 625 42

Notes:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.
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Table	10.30
Anthropometric	 Estimates	 for	 British	 10-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension
Boys Girls

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1290 1390 1490 63 1270 1390 1510 72*

2.	Eye	height 1180 1275 1370 58 1155 1275 1395 72

3.	Shoulder	height 1025 1120 1215 57 1015 1120 1225 65

4.	Elbow	height 770 860 950 55 765 860 955 57

5.	Hip	height 660 735 810 46 650 730 810 50

6.	Knuckle	height 540 595 650 33 555 615 675 36

7.	Fingertip	height 445 500 550 33 460 520 575 36

8.	Sitting	height 670 725 780 32 665 725 785 36

9.	Sitting	eye	height 550 600 650 29 555 615 675 35

10.	Sitting	shoulder	height 410 455 500 28 400 450 500 30

11.	Sitting	elbow	height 160 195 230 21 150 190 230 25

12.	Thigh	thickness 100 120 140 13 95 120 145 16

13.	Buttock-knee	length 415 460 505 27 415 470 525 32

14.	Buttock-popliteal	length 340 380 420 25 350 400 450 29

15.	Knee	height 395 440 485 26 395 440 485 28

16.	Popliteal	height 330 360 390 19 325 365 405 25

17.	Shoulder	breadth	(bideltoid) 290 335 380 27 280 330 380 31

18.	Shoulder	breadth	(biacromial) 275 305 335 18 275 305 335 19

19.	Hip	breadth 215 260 305 28 215 265 315 30

20.	Chest	(bust)	depth 120 165 210 26 115 165 215 31

21.	Abdominal	depth 145 185 225 25 145 190 235 27

22.	Shoulder-elbow	length 265 290 315 16 260 290 320 18

23.	Elbow-fingertip	length 335 370 405 22 330 370 410 25

24.	Upper	limb	length 540 610 680 42 520 590 660 44

25.	Shoulder-grip	length 445 515 580 42 420 495 565 44

26.	Head	length 170 185 200 8 160 170 180 7

27.	Head	breadth 135 145 155 5 125 135 145 5

28.	Hand	length 135 150 165 9 135 150 165 10

29.	Hand	breadth 65 70 75 4 60 70 80 5

30.	Foot	length 195 220 245 14 190 215 240 14

31.	Foot	breadth 70 85 95 5 70 80 90 7

32.	Span 1275 1395 1515 73 1240 1365 1490 77

33.	Elbow	span 665 735 805 41 645 720 800 47

34.	Vertical	grip	reach	(standing) 1540 1680 1820 86 1540 1705 1870 101

35.	Vertical	grip	reach	(sitting) 870 955 1045 52 850 935 1020 52

36.	Forward	grip	reach 525 580 635 33 520 585 650 40
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Notes:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.31
Anthropometric	 Estimates	 for	 British	 11-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension
Boys Girls

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1325 1430 1535 65 1310 1440 1570 79*

2.	Eye	height 1215 1315 1415 62 1195 1325 1455 78

3.	Shoulder	height 1060 1160 1260 60 1050 1165 1280 69

4.	Elbow	height 795 890 985 57 800 890 980 56

5.	Hip	height 685 765 845 50 670 750 830 48

6.	Knuckle	height 560 620 680 35 575 645 715 42

7.	Fingertip	height 460 520 575 35 475 545 615 42

8.	Sitting	height 685 740 795 34 680 745 810 41

9.	Sitting	eye	height 575 620 665 28 570 635 700 39

10.	Sitting	shoulder	height 425 470 515 26 415 470 525 33

11.	Sitting	elbow	height 160 200 240 24 155 200 245 26

12.	Thigh	thickness 100 120 140 11 100 125 150 16

13.	Buttock-knee	length 435 480 525 28 430 490 550 37

14.	Buttock-popliteal	length 345 395 445 30 365 410 455 26

15.	Knee	height 420 460 500 25 405 455 505 30

16.	Popliteal	height 330 375 420 26 335 375 415 24

17.	Shoulder	breadth	(bideltoid) 300 345 390 26 285 340 395 34

18.	Shoulder	breadth	(biacromial) 280 315 350 21 280 315 350 21

19.	Hip	breadth 220 265 310 27 225 280 335 34

20.	Chest	(bust)	depth 130 170 210 24 115 175 240 38

21.	Abdominal	depth 150 190 230 23 145 195 245 29

22.	Shoulder-elbow	length 270 300 325 16 265 300 330 20

23.	Elbow-fingertip	length 350 385 420 22 340 385 430 28

24.	Upper	limb	length 560 630 700 43 555 630 705 46

25.	Shoulder-grip	length 460 530 600 43 455 530 605 46

26.	Head	length 170 185 200 8 155 170 185 8

27.	Head	breadth 135 145 155 5 125 135 145 5

28.	Hand	length 140 155 170 10 135 155 175 11
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29. Hand	breadth 60 70 80 5 60 70 80 5

30. Foot	length 205 225 245 13 195 220 245 14

31. Foot	breadth 75 85 95 7 75 85 95 7

32. Span 1310 1440 1570 78 1270 1415 1560 87

33. Elbow	span 685 760 830 44 660 750 835 53

34. Vertical	grip	reach	(standing) 1575 1740 1905 100 1575 1760 1945 111

35. Vertical	grip	reach	(sitting) 895 990 1080 56 900 990 1085 56

36. Forward	grip	reach 535 595 655 37 530 600 670 42

Notes:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.32
Anthropometric	 Estimates	 for	 British	 12-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension
Boys Girls

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1. Stature 1360 1490 1620 78 1370 1500 1630 79*

2. Eye	height 1245 1375 1505 78 1255 1385 1515 80

3. Shoulder	height 1095 1215 1335 72 1100 1215 1330 69

4. Elbow	height 840 930 1020 55 840 940 1040 60

5. Hip	height 720 805 890 53 705 780 855 47

6. Knuckle	height 580 645 710 40 590 665 740 46

7. Fingertip	height 470 540 605 40 480 560 635 46

8. Sitting	height 700 765 830 39 700 775 850 45

9. Sitting	eye	height 590 650 710 37 600 665 730 40

10. Sitting	shoulder	height 440 490 540 30 435 490 545 32

11. Sitting	elbow	height 160 205 250 27 155 205 255 31

12. Thigh	thickness 105 125 145 13 100 130 160 17

13. Buttock-knee	length 445 500 555 32 450 510 570 36

14. Buttock-popliteal	length 375 415 455 23 380 435 490 33

15. Knee	height 430 480 530 30 420 470 520 29

16. Popliteal	height 350 390 430 23 345 385 425 24

17. Shoulder	breadth	(bideltoid) 315 355 395 25 305 355 405 29

18. Shoulder	breadth	(biacromial) 290 325 360 21 290 325 360 21

19. Hip	breadth 230 275 320 26 235 295 355 35

20. Chest	(bust)	depth 135 175 215 24 135 190 240 33
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21.	Abdominal	depth 165 200 235 22 155 200 245 27

22.	Shoulder-elbow	length 280 310 340 18 280 315 345 20

23.	Elbow-fingertip	length 360 400 440 25 355 400 445 27

24.	Upper	limb	length 600 665 730 41 575 660 745 52

25.	Shoulder-grip	length 490 560 625 41 465 555 640 52

26.	Head	length 170 185 200 8 165 175 185 7

27.	Head	breadth 135 145 155 5 130 140 150 6

28.	Hand	length 150 165 180 10 145 165 185 11

30.	Foot	length 215 235 255 13 205 230 255 14

31.	Foot	breadth 80 90 100 7 75 85 95 7

32.	Span 1355 1510 1665 93 1320 1480 1640 96

33.	Elbow	span 710 795 885 53 685 780 880 58

34.	Vertical	grip	reach	(standing) 1655 1835 2015 110 1650 1835 2020 112

35.	Vertical	grip	reach	(sitting) 925 1035 1145 67 925 1035 1145 67

36.	Forward	grip	reach 550 620 690 42 550 625 700 45

Notes:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.33
Anthropometric	 Estimates	 for	 British	 13-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension
Boys Girls

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1400 1550 1700 91 1430 1550 1670 73*

2.	Eye	height 1285 1435 1585 90 1315 1435 1555 74

3.	Shoulder	height 1130 1265 1400 81 1145 1255 1365 68

4.	Elbow	height 870 970 1070 61 875 970 1065 57

5.	Hip	height 740 835 930 57 725 805 885 50

6.	Knuckle	height 600 670 740 43 605 675 745 43

7.	Fingertip	height 490 560 630 43 495 565 635 43

8.	Sitting	height 710 790 870 49 740 805 870 41

9.	Sitting	eye	height 605 680 755 47 630 695 760 39

10.	Sitting	shoulder	height 450 510 570 37 455 510 565 34

11.	Sitting	elbow	height 165 210 255 28 155 210 265 34

12.	Thigh	thickness 105 130 155 15 110 135 160 15

13.	Buttock-knee	length 465 525 585 35 480 530 580 31

14.	Buttock-popliteal	length 375 435 495 35 400 445 490 27
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15. Knee	height 440 500 560 35 440 485 530 27

16. Popliteal	height 355 405 455 30 350 390 430 25

17. Shoulder	breadth	(bideltoid) 325 375 425 29 325 370 415 26

18. Shoulder	breadth	(biacromial) 295 335 375 24 300 335 370 21

19. Hip	breadth 245 290 335 28 265 315 365 30

20. Chest	(bust)	depth 135 185 235 29 150 200 245 29

21. Abdominal	depth 165 205 245 24 170 210 250 24

22. Shoulder-elbow	length 290 325 360 22 295 325 355 18

23. Elbow-fingertip	length 370 420 470 29 375 410 445 22

24. Upper	limb	length 620 695 770 47 605 680 755 47

25. Shoulder-grip	length 505 585 660 47 490 570 645 47

26. Head	length 175 190 205 8 165 175 185 6

27. Head	breadth 140 150 160 5 130 140 150 5

28. Hand	length 150 170 190 12 155 170 185 10

29. Hand	breadth 70 80 90 6 70 75 80 4

30. Foot	length 220 245 270 16 210 230 250 13

31. Foot	breadth 80 90 100 7 80 90 100 6

32. Span 1400 1580 1760 110 1385 1540 1695 93

33. Elbow	span 730 835 935 62 720 815 905 56

34. Vertical	grip	reach	(standing) 1720 1905 2090 112 1700 1890 2080 114

35. Vertical	grip	reach	(sitting) 955 1080 1210 78 945 1070 1200 78

36. Forward	grip	reach 575 655 735 48 575 640 705 41

Notes:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.34
Anthropometric	 Estimates	 for	 British	 14-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension
Boys Girls

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1. Stature 1480 1630 1780 90 1480 1590 1700 66*

2. Eye	height 1360 1510 1660 91 1365 1475 1585 66

3. Shoulder	height 1205 1335 1465 80 1190 1295 1400 64

4. Elbow	height 915 1015 1115 60 900 985 1070 53

5. Hip	height 795 870 945 46 735 810 885 45

6. Knuckle	height 630 700 770 44 640 705 770 40

7. Fingertip	height 510 585 655 44 530 595 660 40
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8.	Sitting	height 750 835 920 52 770 830 890 36

9.	Sitting	eye	height 640 720 800 48 660 720 780 37

10.	Sitting	shoulder	height 470 535 600 39 470 525 580 32

11.	Sitting	elbow	height 165 215 265 30 165 220 275 33

12.	Thigh	thickness 115 140 165 16 115 140 165 14

13.	Buttock-knee	length 495 550 605 34 495 545 595 29

14.	Buttock-popliteal	length 405 460 515 33 415 455 495 25

15.	Knee	height 465 520 575 33 450 495 540 27

16.	Popliteal	height 380 425 470 28 355 395 435 25

17.	Shoulder	breadth	(bideltoid) 345 395 445 29 345 385 425 25

18.	Shoulder	breadth	(biacromial) 320 355 390 22 315 345 375 19

19.	Hip	breadth 260 305 350 28 285 330 375 26

20.	Chest	(bust)	depth 145 195 245 29 165 210 255 27

21.	Abdominal	depth 175 215 255 23 175 215 255 23

22.	Shoulder-elbow	length 310 345 380 21 305 335 360 17

23.	Elbow-fingertip	length 400 445 490 28 385 420 455 21

24.	Upper	limb	length 660 735 810 47 640 700 760 36

25.	Shoulder-grip	length 540 620 695 47 530 590 650 36

26.	Head	length 180 190 200 7 165 175 185 6

27.	Head	breadth 140 150 160 6 130 140 150 5

28.	Hand	length 160 180 200 11 155 170 185 9

29.	Hand	breadth 75 85 95 6 70 75 80 4

30.	Foot	length 230 255 280 15 215 235 255 12

31.	Foot	breadth 85 95 105 7 80 90 100 6

32.	Span 1480 1670 1860 114 1450 1580 1710 79

33.	Elbow	span 775 880 985 65 755 835 915 48

34.	Vertical	grip	reach	(standing) 1825 1990 2155 101 1765 1930 2095 101

35.	Vertical	grip	reach	(sitting) 1015 1140 1270 77 980 1105 1235 77

36.	Forward	grip	reach 615 680 745 41 595 655 715 36

Notes:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.35
Anthropometric	 Estimates	 for	 British	 15-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension

Boys Girls

SD SD
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5th	%ile 50th	%ile 95th	%ile 5th	%ile 50th	%ile 95th	%ile

1.	Stature 1555 1690 1825 83 1510 1610 1710 62*

2.	Eye	height 1430 1570 1710 84 1395 1495 1595 62

3.	Shoulder	height 1265 1385 1505 73 1215 1310 1405 58

4.	Elbow	height 965 1055 1145 56 915 995 1075 48

5.	Hip	height 825 895 965 44 745 815 885 42

6.	Knuckle	height 650 725 800 45 650 715 780 39

7.	Fingertip	height 530 605 680 45 540 605 670 39

8.	Sitting	height 785 870 955 51 790 845 900 33

9.	Sitting	eye	height 680 755 830 47 680 735 790 33

10.	Sitting	shoulder	height 495 555 615 36 490 535 580 27

11.	Sitting	elbow	height 170 225 280 34 180 225 270 28

12.	Thigh	thickness 115 140 165 15 115 140 165 14

13.	Buttock-knee	length 515 570 625 32 505 550 595 27

14.	Buttock-popliteal	length 425 480 535 32 435 470 505 22

15.	Knee	height 485 535 585 31 450 495 540 26

16.	Popliteal	height 385 430 475 28 360 400 440 25

17.	Shoulder	breadth	(bideltoid) 354 415 465 30 350 390 430 23

18.	Shoulder	breadth	(biacromial) 330 370 410 23 320 350 380 18

19.	Hip	breadth 275 320 365 26 295 335 375 25

20.	Chest	(bust)	depth 155 205 255 30 175 215 260 26

21.	Abdominal	depth 180 220 260 24 185 220 255 22

22.	Shoulder-elbow	length 325 355 385 19 305 335 365 17

23.	Elbow-fingertip	length 420 460 500 25 395 425 455 17

24.	Upper	limb	length 695 770 845 47 650 705 760 33

25.	Shoulder-grip	length 570 650 725 47 540 595 650 33

26.	Head	length 185 195 205 7 170 180 190 7

27.	Head	breadth 145 155 165 6 130 140 150 5

28.	Hand	length 170 185 200 10 155 170 185 9

29.	Hand	breadth 75 85 95 5 70 75 80 4

30.	Foot	length 240 260 280 13 215 235 255 13

31.	Foot	breadth 85 95 105 7 80 90 100 5

32.	Span 1560 1740 1920 109 1490 1600 1710 67

33.	Elbow	span 815 915 1020 62 780 845 910 41

34.	Vertical	grip	reach	(standing) 1900 2060 2220 97 1810 1960 2110 91

35.	Vertical	grip	reach	(sitting) 1075 1190 1310 71 1005 1120 1240 71

36.	Forward	grip	reach 635 700 765 40 600 665 730 39

Note:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.
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Table	10.36
Anthropometric	 Estimates	 for	 British	 16-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension
Boys Girls

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1. Stature 1620 1730 1840 68 1520 1620 1720 61*

2. Eye	height 1500 1610 1720 67 1410 1510 1610 60

3. Shoulder	height 1315 1415 1515 62 1225 1315 1405 55

4. Elbow	height 995 1075 1155 49 930 1005 1080 45

5. Hip	height 830 910 990 49 755 820 885 40

6. Knuckle	height 675 740 805 40 660 720 780 36

7. Fingertip	height 555 620 685 40 545 605 665 36

8. Sitting	height 830 895 960 39 800 855 910 33

9. Sitting	eye	height 725 785 845 35 685 740 795 32

10. Sitting	shoulder	height 520 570 620 29 500 545 590 27

11. Sitting	elbow	height 190 235 280 28 185 230 275 26

12. Thigh	thickness 125 150 175 15 120 145 170 14

13. Buttock-knee	length 530 580 630 29 510 555 600 27

14. Buttock-popliteal	length 435 490 545 32 435 480 525 26

15. Knee	height 500 545 590 27 450 595 540 26

16. Popliteal	height 395 440 485 28 365 405 445 25

17. Shoulder	breadth	(bideltoid) 380 430 480 29 360 395 430 21

18. Shoulder	breadth	(biacromial) 340 380 420 23 330 355 380 16

19. Hip	breadth 290 330 370 23 305 345 385 25

20. Chest	(bust)	depth 165 215 265 29 180 225 265 25

21. Abdominal	depth 185 225 265 24 185 220 255 21

22. Shoulder-elbow	length 335 365 395 18 310 335 365 17

23. Elbow-fingertip	length 435 470 505 22 395 425 455 17

24. Upper	limb	length 725 790 855 40 660 710 760 29

25. Shoulder-grip	length 605 670 735 40 550 595 645 29

26. Head	length 185 195 205 7 165 180 195 8

27. Head	breadth 145 155 165 5 135 145 155 5

28. Hand	length 170 185 200 9 160 175 190 9

29. Hand	breadth 80 85 90 4 70 75 80 4

30. Foot	length 240 260 280 12 220 240 260 12

31. Foot	breadth 90 100 110 6 80 90 100 5

32. Span 1640 1785 1930 88 1500 1610 1720 67

33. Elbow	span 860 940 1025 50 785 850 920 41

34. Vertical	grip	reach	(standing) 1945 2100 2255 93 1820 1965 2110 88

35. Vertical	grip	reach	(sitting) 1130 1225 1320 58 1035 1135 1230 58

36. Forward	grip	reach 650 720 790 42 605 670 735 41
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Notes:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.37
Anthropometric	 Estimates	 for	 British	 17-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension
Boys Girls

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1640 1750 1860 66 1520 1620 1720 61*

2.	Eye	height 1530 1635 1740 65 1420 1515 1610 58

3.	Shoulder	height 1335 1435 1535 62 1235 1320 1405 52

4.	Elbow	height 1010 1090 1170 50 935 1005 1075 43

5.	Hip	height 845 925 1005 50 755 820 885 39

6.	Knuckle	height 690 755 820 41 670 725 780 33

7.	Fingertip	height 565 630 700 41 555 610 665 33

8.	Sitting	height 850 910 970 35 800 855 910 33

9.	Sitting	eye	height 745 795 845 31 690 740 790 30

10.	Sitting	shoulder	height 535 585 635 29 515 555 565 25

11.	Sitting	elbow	height 195 240 285 28 190 230 270 25

12.	Thigh	thickness 125 155 185 17 120 145 170 16

13.	Buttock-knee	length 535 585 635 30 515 560 605 28

14.	Buttock-popliteal	length 445 495 545 30 435 480 525 27

15.	Knee	height 505 550 595 27 455 500 545 26

16.	Popliteal	height 405 445 485 25 365 405 445 25

17.	Shoulder	breadth	(bideltoid) 400 445 490 28 360 395 430 21

18.	Shoulder	breadth	(biacromial) 350 385 420 21 335 360 385 16

19.	Hip	breadth 295 335 375 24 300 345 390 28

20.	Chest	(bust)	depth 180 225 270 27 190 230 270 24

21.	Abdominal	depth 195 235 275 25 185 220 255 21

22.	Shoulder-elbow	length 335 365 395 19 305 335 365 18

23.	Elbow-fingertip	length 440 475 510 21 395 425 455 17

24.	Upper	limb	length 730 790 850 36 660 710 760 29

25.	Shoulder-grip	length 605 665 725 36 550 595 645 29

26.	Head	length 185 200 215 8 165 180 195 8

27.	Head	breadth 145 155 165 6 135 145 155 5

28.	Hand	length 175 190 205 9 160 175 190 9
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29.	Hand	breadth 80 90 100 5 70 75 80 4

30.	Foot	length 240 265 290 15 220 240 260 12

31.	Foot	breadth 90 100 110 5 80 90 100 5

32.	Span 1660 1795 1930 81 1510 1615 1720 64

33.	Elbow	span 870 945 1020 46 790 855 915 39

34.	Vertical	grip	reach	(standing) 1980 2125 2270 87 1830 1970 2110 85

35.	Vertical	grip	reach	(sitting) 1145 1240 1330 57 1050 1145 1235 57

36.	Forward	grip	reach 655 730 805 46 610 670 730 37

Notes:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.

Table	10.38
Anthropometric	 Estimates	 for	 British	 18-Year-Olds	 (all	 dimensions	 in
millimetres)

Dimension
Men Women

5th	%ile 50th	%ile 95th	%ile SD 5th	%ile 50th	%ile 95th	%ile SD

1.	Stature 1660 1760 1860 60 1530 1620 1710 56*

2.	Eye	height 1555 1650 1745 59 1430 1520 1610 55

3.	Shoulder	height 1355 1445 1535 54 1235 1320 1405 52

4.	Elbow	height 1010 1105 1175 44 940 1010 1080 42

5.	Hip	height 865 935 1005 43 755 820 885 40

6.	Knuckle	height 705 765 825 35 670 725 780 32

7.	Fingertip	height 585 640 700 35 560 610 665 32

8.	Sitting	height 860 915 970 32 800 855 910 32

9.	Sitting	eye	height 745 800 855 32 695 745 795 30

10.	Sitting	shoulder	height 550 600 650 30 515 560 605 28

11.	Sitting	elbow	height 200 245 290 26 185 230 275 26

12.	Thigh	thickness 135 160 185 15 120 145 170 14

13.	Buttock-knee	length 545 590 635 26 515 560 605 28

14.	Buttock-popliteal	length 450 500 550 29 435 480 525 27

15.	Knee	height 505 550 595 26 455 500 545 26

16.	Popliteal	height 405 445 485 25 365 405 445 25

17.	Shoulder	breadth	(bideltoid) 415 455 495 23 360 395 430 21

18.	Shoulder	breadth	(biacromial) 365 395 425 17 335 360 385 16

19.	Hip	breadth 300 340 380 25 300 345 390 27

20.	Chest	(bust)	depth 190 225 260 21 195 235 275 24
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21.	Abdominal	depth 205 240 275 21 185 220 255 20

22.	Shoulder-elbow	length 340 370 395 17 310 335 360 16

23.	Elbow-fingertip	length 450 480 510 18 395 425 455 17

24.	Upper	limb	length 740 790 840 31 660 710 760 29

25.	Shoulder-grip	length 615 665 715 31 550 595 645 29

26.	Head	length 185 200 215 8 170 180 190 7

27.	Head	breadth 145 155 165 5 135 145 155 5

28.	Hand	length 175 190 205 8 160 175 190 8

29.	Hand	breadth 85 90 95 4 70 75 80 4

30.	Foot	length 250 270 290 12 220 240 260 11

31.	Foot	breadth 90 100 110 5 80 90 100 5

32.	Span 1695 1810 1925 71 1520 1620 1720 62

33.	Elbow	span 890 955 1020 40 795 855 920 38

34.	Vertical	grip	reach	(standing) 2045 2150 2255 65 1830 1970 2110 85

35.	Vertical	grip	reach	(sitting) 1170 1250 1335 52 1065 1150 1235 52

36.	Forward	grip	reach 675 740 805 41 610 670 730 37

Notes:	See	notes	in	Section	10.1,	10.2	and	10.6.
Dimensions	 marked	 with	 an	 asterisk	 (*)	 are	 quoted	 from	 the	 original	 source.	 The

remainder	have	been	estimated.
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Appendix

A	Mathematical	Synopsis	of	Anthropometrics
The	 following	 sections	 present	 the	 terminology	 and	 mathematical	 basis	 of	 the	 main
parameters	used	 in	anthropometrics,	 together	with	practical	methods	 for	calculating	 them
and	for	making	approximations	where	data	is	sparse.	As	throughout	the	rest	of	the	book,	the
convention	used	to	define	the	distribution	of	a	dimension	is	mean	[standard	deviation]	or	μ
[σ],	 making	 the	 assumption	 that	 it	 can	 be	 treated	 as	 a	 normal	 (Gaussian)	 distribution.
Further	guidance	on	some	of	the	statistical	issues	can	be	found	in	Mascie-Taylor	(1994)	as
well	as	in	statistics	textbooks.

A.1	The	Normal	Distribution
Consider	a	variable	x	which	is	normally	distributed	in	a	population,	shown	in	Figure	A1.

Figure	A1

Some	of	the	parameters	used	to	describe	a	normal	distribution.

Its	probability	density	function	is

where	 μ	 is	 the	 mean,	 and	 σ	 is	 the	 standard	 deviation	 of	 x	 for	 the	 population.	 f(x)	 is	 a
measure	 of	 the	 relative	 probability	 or	 relative	 frequency	 of	 the	 variable	 having	 a	 given
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value	 of	 x;	 it	 will	 be	 found	 in	 books	 of	 statistical	 tables	 as	 the	 ‘ordinate	 of	 the	 normal
curve’.
A	standardised	form	of	this	distribution	can	be	defined	if	the	variable	x	is	replaced	by	the

standard	normal	deviate	(z),	such	that

The	standard	normal	deviate	is	simply	the	distance	of	a	value	of	x	from	the	mean	value	μ,
normalized	by	dividing	by	the	standard	deviation	σ.	Equation	Al	then	becomes

which	is	known	as	the	standardised	form	of	the	normal	distribution	(having	zero	mean	and
unit	standard	deviation).
The	probability	that	x	is	less	than	or	equal	to	a	certain	value	is	given	by

That	is,	F(x)	corresponds	to	the	area	between	the	abscissa	and	the	curve	from	−∞	to	x.	This
is	 the	cumulative	normal	curve	or	normal	ogive,	and	in	 its	standardized	form	it	would	be
expressed	as	F(z).	The	probabilities	of	given	values	of	z	are	tabulated	in	Table	A1,	in	which
F(z)	is	given	as	a	percentage	(p).
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Table	A1
p(%)	and	z	Values	of	the	Normal	Distribution
p z p z p z p z

1 −2.33 26 −0.64 51 0.03 76 0.71

2 −2.05 27 −0.61 52 0.05 77 0.74

3 −1.88 28 −0.58 53 0.08 78 0.77

4 −1.75 29 −0.55 54 0.10 79 0.81

5 −1.64 30 −0.52 55 0.13 80 0.84

6 −1.55 31 −0.50 56 0.15 81 0.88

7 −1.48 32 −0.47 57 0.18 82 0.92

8 −1.41 33 −0.44 58 0.20 83 0.95

9 −1.34 34 −0.41 59 0.23 84 0.99

10 −1.28 35 −0.39 60 0.25 85 1.04

11 −1.23 36 −0.36 61 0.28 86 1.08

12 −1.18 37 −0.33 62 0.31 87 1.13

13 −1.13 38 −0.31 63 0.33 88 1.18

14 −1.08 39 −0.28 64 0.36 89 1.23

15 −1.04 40 −0.25 65 0.39 90 1.28

16 −0.99 41 −0.23 66 0.41 91 1.34

17 −0.95 42 −0.20 67 0.44 92 1.41

18 −0.92 43 −0.18 68 0.47 93 1.48

19 −0.88 44 −0.15 69 0.50 94 1.55

20 −0.84 45 −0.13 70 0.52 95 1.64

21 −0.81 46 −0.10 71 0.55 96 1.75

22 −0.77 47 −0.08 72 0.58 97 1.88

23 −0.74 48 −0.05 73 0.61 98 2.05

24 −0.71 49 −0.03 74 0.64 99 2.33

25 −0.67 50 0 75 0.67

p z p z

2.5 −1.96 97.5 1.96

0.5 −2.58 99.5 2.58

0.1 −3.09 99.9 3.09

0.01 −3.72 99.99 3.72

0.001 −4.26 99.999 4.26

The	 percentage	 probabilities	 p%	 indicate	 what	 are	 known	 as	 percentiles	 (which	 are
commonly	 abbreviated	 as	%ile).	 Thus,	 for	 example,	 p	 =	 5%	 is	 the	 5th	 percentile	 of	 the
distribution,	with	5%	of	 the	population	having	values	 less	 than	or	equal	 to	z	=	−1.64	and
95%	of	the	population	having	values	greater	than	this,	as	is	illustrated	in	Figure	A1.
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A.2	Samples,	Populations	and	Errors
In	reality	we	cannot	know	μ	and	σ,	 the	parameters	of	a	population	(except	in	very	special
circumstances).	We	can	only	infer	or	estimate	them	from	m	and	s	—	the	mean	and	standard
deviation	of	 a	 sample	 of	 individuals	 deemed	 to	 be	 representative	 of	 the	 population,	 such
that

and

where	n	is	the	number	of	subjects	in	the	sample.
In	many	cases	it	is	more	convenient	to	calculate	the	standard	deviation	by	substituting	the

following	identity	(Equation	A7)	within	Equation	A6.

When	 the	 sample	 is	 small	 (n	 ≤	 30),	 it	 is	 conventional	 to	 make	 an	 arbitrary	 correction
(Bessel's	 correction)	 to	 the	 sample	 standard	 deviation	 to	 obtain	 the	 best	 estimate	 for	 the
population	standard	deviation	(σ′).	Then

As	the	sample	size	n	increases,	m	and	s	become	more	reliable	estimates	of	μ	and	σ;	that	is,
the	likely	magnitude	of	random	sampling	errors	diminishes.	(Note	that	we	are	not	 talking
about	errors	of	bias	due	to	nonrepresentative	sampling	—	this	is	a	more	complex	matter.)
Sampling	 errors	 in	 estimating	 population	 parameters	 may	 be	 shown	 to	 be	 normally
distributed	with	a	mean	of	zero	and	a	standard	deviation	known	as	the	standard	error	(SE)
of	the	parameter	concerned,	such	that

where	fp	is	the	ordinate	of	the	normal	curve	at	the	pth	%ile.
Probable	magnitudes	 of	 sampling	 errors	 are	 commonly	 expressed	 in	 terms	 of	 the	 95%

confidence	limits	of	the	parameter	concerned,	which	are	calculated	as	±1.96	SE;	that	is,	the
true	values	of	 a	population	parameter	will	 lie	within	±1.96	 standard	errors	of	 the	 sample
statistic	 95	 times	 out	 of	 every	 100	 times	 the	 sample	 is	 drawn.	 (Alternatively,	 if	 we	 are
concerned	with	errors	in	one	direction	only,	we	use	1.645	SE.)
To	simplify	matters	we	may	summarize	this	by	saying	that,	in	any	anthropometric	survey,

the	95%	confidence	limits	of	a	statistic	(±U95)	are	given	by
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where	k	 is	a	constant	 for	 the	statistic	concerned,	as	given	 in	Table	A2.	Alternatively,	 the
equation

gives	an	indication	of	the	number	of	subjects	we	need	to	measure	in	order	for	a	particular
statistic	to	have	a	certain	desired	degree	of	accuracy.	However,	for	this,	as	can	be	seen	from
Equation	A13,	we	need	to	have	at	least	an	estimate	of	the	standard	deviation	s	expected	in
our	sample	of	subjects.

Table	A2
Values	of	the	Parameter	k,	as	Used	in	Equations	A12	and	A13

Statistic k

Mean 1.96

Standard	deviation 1.39

Percentiles

40th	and	60th 2.49

30th	and	70th 2.58

20th	and	80th 2.80

10th	and	90th 3.35

5th	and	95th 4.14

1st	and	99th 7.33

A.3	The	Coefficient	of	Variation
The	 coefficient	 of	 variation	 (CV)	 is	 a	 useful	 index	 of	 the	 inherent	 variability	 of	 a
dimension.	This	is	given	by

It	is	independent	both	of	absolute	magnitude	and	of	units	of	measurement.
In	most	populations	stature	has	a	lower	CV	than	any	other	dimension.	(Does	this	reflect	a

biological	phenomenon	or	is	it	an	artefact	of	measurement?)	Characteristic	ranges	of	CV	of
various	 types	 of	 anthropometric	 data	 are	 shown	 in	 Table	A3.	 The	 figures	 were	 gathered
from	a	number	of	sources	(Damon	et	al.,	l966;	Roebuck	et	al.,	l975;	Grieve	and	Pheasant,
l982)	 and	do	not	 reflect	 any	 specific	population.	They	 should	 rather	be	 seen	as	 a	general
guide	to	the	approximate	levels	that	we	might	anticipate.	The	high	CVs	of	the	lower	part	of
the	table	are	indicative	of	a	skewed	distribution,	which	is	characteristic	of	anthropometric
dimensions	including	soft	tissue	(fat)	and	of	functional	measures	such	as	strength.
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Table	A3
Characteristic	Coefficients	of	Variation	of	Anthropometric	Data

Dimension CV(%)

Stature 3–4

Body	heights	(sitting	height,	elbow	height,	etc.) 3–5

Parts	of	limbs 4–5

Body	breadths	(hips,	shoulder,	etc.) 5–9

Body	depths	(abdominal,	chest,	etc.) 6–9

Dynamic	reach 4–ll

Weight l0–2l

Joint	ranges 7–28

Muscular	strength	(static) l3–85

Roebuck	et	al.	(l975)	have	demonstrated	that	for	body	length	and	breadth	dimensions,	in
general,	 the	 relationship	between	standard	deviation	and	mean	will	 tend	 to	be	curvilinear
(i.e.,	 CV	 declines	 with	 increasing	 mean	 value).	 The	 reasons	 behind	 this	 observation	 are
obscure	but	may	be	concerned	with	measurement	error.	Figure	A2	shows	 this	 relationship
plotted	out	for	the	36	dimensions	of	Table	10.1.

Figure	A2

Relationship	between	standard	deviation	(SD)	and	mean	in	the	anthropometric	data	of	Table	10.1.	○,	body	depths,
thigh	thickness,	sitting	elbow	height	and	hip	breadth;	●,	all	other	dimensions.
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A.4	Some	Indices	Used	in	Anthropometrics
A	 few	 indices	 appear	 in	 the	 literature	 as	 representing	 aspects	 of	 anthropometric
characteristics.	 Two	 of	 these	 are	 the	 ponderal	 index	 and	 the	 body	 mass	 index	 (BMI),
defined	 in	Equations	Al5	and	Al6.	The	ponderal	 index	 is	an	 index	of	body	size,	although
rarely	used	now.

The	BMI	(sometimes	known	as	the	Quetelet	index)	is	a	measure	expressing	the	relation	of
weight-to-height,	which	is	correlated	with	body	fat	(adipose	tissue)	in	relation	to	lean	body
mass	and	is	commonly	used	as	an	indicator	of	whether	a	person	is	overweight	or	obese.

BMI	is	typically	in	the	range	of	20	to	25.	Individuals	with	a	BMI	between	25	and	30	have
generally	been	considered	to	be	overweight	and	those	with	a	BMI	of	30	or	more	as	obese
(NRC,	1989).	The	World	Health	Organization	has	 introduced	 a	 new	graded	 classification
system	 to	 take	 account	 of	 more	 recent	 knowledge	 of	 health	 risks	 (WHO,	 1998b).	 The
classification	is	as	follows:

Underweight:	<18.5
Normal	range:	18.5	to	24.9

Overweight:	≥25
Pre-obese:	25.0	to	29.9
Obese	class	I:	30.0	to	34.9
Obese	class	II:	35.0	to	39.9
Obese	class	III:	≥40

However,	there	is	evidence	that	there	may	be	ethnic	variations	in	the	relationship	between
BMI	 and	 body	 fat	 content,	 so	 these	 ranges	 may	 not	 apply	 exactly	 to	 all	 populations
(Antipatis	and	Gill,	2001).
Individual	 three-dimensional	 (3-D)	 or	 body	 circumference	 parameters	 have	 sometimes

been	normalized	(on	an	ad	hoc	basis)	by	dividing	by	 ,	respectively,
in	an	attempt	to	provide	population	characteristics	which	are	less	affected	by	the	variation
in	 the	dominant	 factor	of	overall	body	size.	However,	 the	research	findings	on	allometric
effects	discussed	in	Chapter	3	indicate	that	such	approaches	are	likely	to	be	oversimplified.

A.5	Combining	Distributions	from	Two	or	More
Samples
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There	are	numerous	situations	in	which	the	parameters	of	two	or	more	normally	distributed
samples	 or	 populations	 must	 be	 combined	 to	 give	 a	 single	 lumped	 distribution.	 For
example,	Al-Haboubi	(1992,	1997,	1999)	argued	for	such	a	community-based	approach	to
design	 for	 nonhomogenous	 populations,	 whether	 for	 an	 educational	 campus,	 a	 city	 or	 a
country.	 If	 anthropometric	 data	 are	 available	 for	 the	 subgroups	 within	 the	 population
(perhaps	 by	 age	 or	 for	 ethnic	 groups),	 the	 data	 for	 the	 combined	 population	 can	 be
estimated	as	an	alternative	to	carrying	out	a	full-scale	anthropometric	survey.
Strictly	speaking,	the	new	lumped	distribution	cannot	be	normal	(Gaussian).	To	describe

it,	we	 should	 calculate	 percentiles	 iteratively.	 Consider	 two	 sample	 distributions	m1	 [s1]
and	 m2	 [s2]	 of	 n1	 and	 n2	 subjects,	 respectively.	 For	 any	 value	 of	 x,	 calculate	 standard
normal	 deviates	 z1	 and	 z2	 in	 the	 two	 distributions	 (using	 Equation	 A2)	 and	 convert	 to
percentiles	p1	and	p2	using	Table	A1.	The	percentile	p′	in	the	lumped	distribution	is	given
by

To	describe	the	complete	lumped	distribution,	this	process	is	repeated	for	as	many	values	of
x	 as	 is	 required.	 It	 may	 then	 be	 convenient	 to	 plot	 this	 as	 a	 cumulative	 graph	 of	 the
distribution	(see	Figure	2.3	for	an	example	of	a	cumulative	graph)	from	which	any	required
percentile	can	be	estimated	by	interpolation.
However,	in	many	cases,	the	lumped	distribution	may	be	approximated	by	a	new	normal

distribution	m′	 [s′].	 In	order	 to	do	 this	we	must	 recalculate	 the	 sum	(Σx)	and	 the	 sum	of

squares	(Σx2)	of	the	original	raw	data.	For	each	of	the	distributions	of	the	original	samples
(or	populations)

and	from	Equations	A6	and	A7

These	parameters	for	the	lumped	distribution,	combining	the	k	samples	(described	by	mi,	si,
ni,	etc.)	are	then	found	as	follows:

and

Therefore,
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The	validity	of	the	latter	approach	of	approximation	is	greatest	when	the	constituent	sample
standard	deviations	are	large	and	the	differences	between	the	means	are	small.
In	the	case	when	n	is	the	same	for	all	k	samples,	Equations	A2l	and	A22	can	be	simplified

to

and

A.6	The	Bivariate	Distribution	Combining	Data
for	Two	Dimensions
In	most	design	situations,	 two	or	more	dimensions	have	 to	be	considered	simultaneously.
Taking	 the	 simplest	 case	 of	 a	 situation	where	 the	 interaction	 between	 two	 dimensions	 is
being	 considered,	 the	 bivariate	 distribution	 can	 be	 described	 and	 the	 probabilities	 of
combinations	of	values	of	the	two	dimensions	can	be	calculated.
Consider	 two	 normally	 distributed	 variables	 x	 and	 y.	 Their	 joint	 probability	 density

function	is	given	by

where

This	distribution	has	five	parameters	of	which	μx,	μy,	σx,	σy	are	self-explanatory,	and	ρ	 is
the	 correlation	 coefficient	 between	 the	 two	 variables	 for	 the	 population,	 which	 is	 best
estimated	by	the	sample	correlation	coefficient	(r),	where

or

where

sxy	is	known	as	the	covariance	of	x	and	y,	and	sx	and	sy	are	the	sample	standard	deviations
of	x	and	y,	respectively.
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The	 bivariate	 probability	 function	 can	 be	 plotted	 as	 a	 3-D	 graph.	 If	 the	 surface	 of	 the
bivariate	probability	function	 is	cut	by	a	plane	parallel	 to	 the	y	axis,	 the	 intersection	will
describe	a	normal	probability	curve.	This	curve	defines	the	distribution	of	values	of	y	as	a
population	of	subjects	who	all	have	the	same	value	of	x;	the	mean	of	this	distribution	is	the
most	probable	value	of	y	for	a	given	value	of	x.	The	means	of	all	such	distributions	fall	on	a
straight	line	known	as	the	regression	line	of	y	on	x	given	by	the	equation

where

and

Equations	A32	to	A34	may	also	be	written	as

At	any	given	value	of	x,	y	 is	normally	distributed	with	a	mean	defined	by	 the	 regression
line.	The	standard	error	of	this	estimate	of	the	mean	is	given	by

In	a	similar	way,	the	means	of	normal	distributions	given	by	sections	cutting	the	bivariate
distribution	parallel	 to	the	x	axis	define	 the	regression	 line	of	x	on	y.	The	 two	regression
lines	(y	on	x,	x	on	y)	would	be	coincident	if	r	were	1	(perfect	correlation	between	the	two
variables)	 and	 perpendicular	 if	 r	were	 0	 (and	 the	 two	 variables	 uncorrelated).	 These	 two
extreme	 situations,	 of	 course,	 are	 never	 encountered	 in	 practice,	 but	 they	 do	 show	 that
regressions	of	both	y	on	x	 and	x	on	y	 should	 be	 calculated	when	making	 estimates	 from
bivariate	distributions,	particularly	when	 the	correlation	between	 the	 two	variables	 is	 low
(McConville	 and	 Churchill	 [1976]	 found	 that	 the	 vast	 majority	 of	 correlations	 between
anthropometric	variables	have	coefficients	of	less	than	0.4).
The	 general	 concept	 of	 percentile	 values	 can	 be	 used	 to	 define	 percentage	 of

accommodation	 for	 particular	 combinations	 of	 values	 for	 variables	 x	 and	 y,	 but	 their
definition	and	interpretation	is	more	complex	than	for	a	single	variable.	The	3-D	graph	of
the	 probability	 density	 function	 is	 transected	 by	 a	 plane	 with	 a	 given	 percentage	 of	 the
population	to	one	side	of	that	plane,	but	the	choice	of	plane	depends	upon	the	use	for	which
the	 percentile	 information	 is	 required.	 This	 approach	 has	 been	 used,	 for	 example,	 to	 set
requirements	 for	 forward	 vision	 in	 cars	 by	 defining	 limiting	 percentiles	 of	 drivers'	 eye
locations,	using	bivariate	distributions	of	fore/aft	and	vertical	(or	fore/aft	and	lateral)	eye
positions	 to	 produce	 models	 called	 ‘eyellipses’	 (described	 in	 Haslegrave,	 1993).	 The
mathematical	basis	of	this	approach	is	complex	and	will	not	be	discussed	further	here.

A.7	Multivariate	Analysis
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The	 approach	 used	 in	 bivariate	 analysis	 can	 obviously	 be	 extended	 to	 analysing
accommodation	for	design	problems	involving	multiple	dimensions.	Various	statistical	and
modeling	 techniques	 have	 been	 developed	 for	 multivariate	 analysis.	Multiple	 regression
equations	dealing	with	 three,	 four	or	more	dimensions	have	been	developed	to	extend	 the
application	 of	 survey	 data	 and	 can	 be	 useful	 in	 many	 contexts,	 such	 as	 clothing	 design
(McConville	et	al.,	 l979),	 fit	of	head	and	face	personal	protective	equipment	 (Xiao	et	al.,
l998),	confined	workspace	design	(Meindl	et	al.,	l993;	Zehner	et	al.,	l993)	and	creating	sets
of	human	models	or	manikins	(Robinette	and	McConville,	l98l).	Gordon	(2002)	has	shown
the	 improvement	 in	 accommodation	 that	 can	 be	 gained	 by	 using	multivariate	 analysis	 to
define	the	design	parameters	for	nine	dimensions	of	an	office	workstation,	pointing	out	that
it	has	become	increasingly	important	as	adjustment	mechanisims	have	been	added	to	office
chairs,	 desks	 and	VDUs	 (some	 of	 these	 adjustments	 possibly	 being	 interrelated).	Among
other	multivariate	 techniques	 used	 to	 evaluate	 percentage	 population	 accommodation	 are
principal	components	analysis	(used	to	define	boundary	limits)	and	Monte	Carlo	generation
(used	 to	 generate	 a	 set	 of	 random	 user	 models	 that	 have	 different	 percentiles	 for	 each
dimension,	 within	 constraints	 from	 the	 correlation	 coefficients	 between	 all	 pairs	 of
dimensions),	as	in	the	CAPE	model	developed	by	Bittner	[l975,	l978]).	Factor	analysis	has
been	 used	 to	 identify	 the	 relationships	 between	 dimensions	 that	 might	 be	 used	 for
characterising	body	proportions	 (Haslegrave,	 l980)	and	discriminant	 function	analysis	 for
determining	clothing	sizes	(Meunier,	2000).
Multivariate	analysis	techniques	rely	on	complex	computer	processing	and	analysis	of	the

data,	 which	 is	 beyond	 the	 scope	 of	 this	 book.	 However,	 the	 multivariate	 analysis	 of
traditional	 anthropometric	 dimensions	 is	 being	 superseded	 by	 the	 developments	 in
collection	 of	 3-D	 anthropometric	 data	 (discussed	 in	 Section	 2.6.4),	 which	 will	 allow	 the
complete	 3-D	 records	 for	 individual	 subjects	 (collected	 in	 an	 electronic	 database)	 to	 be
analysed	to	determine	degree	of	accommodation	for	 large-scale	samples	representing	real
people.

A.8	Estimating	Unknown	Distributions	from	Data
Available	for	Similar	Populations	or	from	Data
Available	for	Related	Dimensions
The	 practical	 anthropometrist	 is	 frequently	 required	 to	 estimate	 the	 distribution	 of	 a
dimension	 that,	 for	 reasons	 of	 practical	 expediency,	 may	 not	 be	 measured	 directly	 in	 a
particular	population.	Some	useful	techniques	will	be	described.
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A.8.1	Estimating	the	Parameters	of	the	Unknown	Distribution	by
Correlation	and	Regression	Parameters	of	Data	from	a	Similar
Population
If	the	parameters	mx,	my,	sx,	sy	and	r	are	known	in	sample	l,	and	the	parameters	mx	and	sx
are	known	in	sample	2,	then	my	and	sy	may	be	estimated	for	sample	2	from	Equations	A35
and	A36	 on	 the	 assumption	 that	 r	 is	 the	 same	 in	 both	 samples.	 (These	 samples	may,	 of
course,	be	deemed	to	be	representative	of	populations.)

A.8.2	Sum	and	Difference	Dimensions
When	 an	 unknown	 dimension	 is	 anatomically	 equivalent	 to	 the	 sum	 of	 two	 known
dimensions	 (x	 and	 y),	 then	 the	 mean	 (m(x	 +	 y))	 and	 standard	 deviation	 (s(x	 +	 y))	 for	 the
combined	segments	are

When	 an	 unknown	 dimension	 is	 anatomically	 equivalent	 to	 the	 difference	 between	 two
known	dimensions,	then

A.8.3	Empirical	Estimation	of	the	Parameters	of	the	Unknown
Distribution	by	the	Method	of	Ratio	Scaling	from	Data	for	a
Similar	Population
If	 the	 parameters	 of	 variables	 x	 and	 y	 are	 known	 in	 a	 reference	 population	 A	 (or	 more
precisely	in	a	sample	drawn	from	it)	but	only	the	parameters	of	x	are	known	in	population	B
(which	we	shall	call	the	‘target	population’),	then

and

provided	that	populations	A	and	B	are	similar	in	terms	of	age	range,	gender	and	ethnicity.
Although	 these	 equations	 cannot	 be	 justified	 mathematically,	 they	 have	 been	 widely

employed,	both	 in	 the	present	 text	and	elsewhere,	on	 the	grounds	of	practical	expediency
(e.g.,	Barkla,	1961).	We	may	call	the	dimension	x,	which	is	known	in	both	populations,	the
‘scaling	dimension’.	Stature	is	most	commonly	used	for	this	purpose	since	it	is	commonly
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available	for	populations	in	which	other	data	are	sparse.	However,	it	is	best	to	use	the	most
closely	correlated	dimension	for	which	data	is	available.
The	 simplest	 technique	 is	 to	 collect,	 from	 a	 variety	 of	 reference	 populations,	 the

coefficients

and	simply	multiply	the	average	of	each	of	these	by	the	relevant	parameter	for	stature	in	the
target	population	to	obtain	 the	estimates	of	 the	mean	[standard	deviation]	for	 the	unkown
dimension.	Pheasant	(l982a)	conducted	a	validation	study	of	this	technique	and	found	that
its	errors	are	acceptable	 for	most	purposes.	Moreover,	no	consistent	pattern	was	 found	 in
the	 errors,	 and	 the	 size	of	 error	was	not	 associated	with	 either	 size	of	dimension	or	with
whether	or	not	the	dimension	was	closely	correlated	with	stature.
One	possibility	 that	has	been	considered	 is	whether	 self-reported	stature	 from	a	sample

might	be	used	in	estimating	the	parameters	of	a	population.	Caution	is	advised	in	this	case.
Buckle	 (l985)	 investigated	 the	 relationship	 between	 actual	 and	 self-reported	 stature	 and
weight	and	found	that	his	two	groups	of	male	subjects	overestimated	their	stature	by	about
l0	 mm	 and	 l5	 mm,	 respectively,	 and	 underestimated	 their	 weight	 by	 l.l	 kg	 and	 l.3	 kg.
Further	analysis	suggested	 that	 the	 tendency	to	underestimate	weight	 increased	with	body
weight.	An	earlier	study	by	Schlichting	et	al.	(l98l)	showed	similar	results	for	weight	and
also	 that	 the	 responses	 of	 men	 and	 women	 were	 similar	 in	 relation	 to	 both	 height	 and
weight.	Their	results	for	height,	however,	differed	from	those	of	Buckle	(l985)	in	that	there
was	a	 tendency	among	 their	 subjects	 for	 tall	people	 to	underestimate	 their	height	and	 for
small	 people	 to	 overestimate	 theirs.	 Under-	 or	 overestimating	 dimensions	 may	 be
influenced	 by	 many	 factors,	 probably	 predominantly	 psychosocial	 but	 also	 due	 to
experiential	 and	 environmental	 influences	—	hence	 the	 need	 for	 caution	 in	 extrapolating
results	on	the	basis	of	self-reported	anthropometric	data.

A.8.4	Empirical	Estimation	of	Standard	Deviation	When	only	the
Mean	is	Known
If	 only	 the	mean	value	 (m)	 for	 a	 dimension	 is	 known,	 the	 standard	deviation	 (s)	may	 be
estimated	by	one	of	two	methods.
The	 data	 plotted	 in	 Figure	A2	may	 be	 empirically	 fitted	with	 the	 following	 regression

equations.	For	body	heights,	lengths	and	breadths:

For	body	depths,	thigh	thickness,	sitting	elbow	height	and	hip	breadth:
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These	 equations	 may	 then	 be	 used	 as	 a	 first	 estimate	 of	 the	 standard	 deviation	 of	 a
dimension	for	which	the	mean	is	known	or	can	be	calculated.
Alternatively,	if	the	coefficient	of	variation	of	a	similar	or	related	dimension	is	known,	it

may	 be	 assumed	 that	 the	 CV	 of	 the	 required	 dimension	 is	 the	 same	 and	 the	 standard
deviation	may	again	be	calculated	from	the	mean	by	using	Equation	A14.	(If	Equations	A45
to	A48	hold,	then	this	latter	assumption	will	tend	to	overestimate	the	standard	deviation	of
large	dimensions	and	underestimate	that	of	small	ones.)

A.9	Estimating	Dimensions	for	a	Combination	of
People	or	Variables
Consider	 distributions	 ma	 [sa]	 and	 mb	 [sb],	 which	 might	 be	 for	 the	 same	 variable	 in
different	samples	of	individuals	or	for	different	variables	in	the	same	sample.)
If	members	of	 the	 two	distributions	meet	 at	 random	 (i.e.,	 chance	encounters	occur)	 the

distribution	of	differences	is	given	by

and	the	distribution	of	sums	is	given	by

In	 certain	 design	 applications	 it	 is	 necessary	 to	 know	 the	 breadth	 of	 two	or	more	 people
placed	side	by	side,	for	example	upon	a	bench	seat.	If	the	body	breadth	concerned	has	the
distribution	m	[s]	 and	 there	 are	 n	 people	 in	 the	 group,	 then	 the	 parameters	 of	 the	 group
distribution	mg	[sg]	are	given	by
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