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Abstract
Background: Membranes	 based	 on	 triply	 periodic	 minimal	 surfaces	 (TPMS)	
have	proven	a	superior	gas	transfer	compared	to	the	contemporary	hollow	fiber	
membrane	 (HFM)	 design	 in	 artificial	 lungs.	 The	 improved	 oxygen	 transfer	 is	
attributed	to	disrupting	the	laminar	boundary	layer	adjacent	to	the	membrane	
surface	known	as	main	limiting	factor	to	mass	transport.	However,	 it	requires	
experimental	proof	that	this	improvement	is	not	at	the	expense	of	greater	dam-
age	to	the	blood.	Hence,	the	aim	of	this	work	is	a	valid	statement	regarding	the	
structure-	dependent	 hemolytic	 behavior	 of	 TPMS	 structures	 compared	 to	 the	
current	HFM	design.
Methods: Hemolysis	tests	were	performed	on	structure	samples	of	three	differ-
ent	kind	of	TPMS-	based	designs	(Schwarz-	P,	Schwarz-	D	and	Schoen’s	Gyroid)	in	
direct	comparison	to	a	hollow	fiber	structure	as	reference.
Results: The	results	of	 this	study	suggest	 that	 the	difference	 in	hemolysis	be-
tween	 TPMS	 membranes	 compared	 to	 HFMs	 is	 small	 although	 slightly	 in-
creased	for	the	TPMS	membranes.	There	is	no	significant	difference	between	the	
TPMS	structures	and	 the	hollow	 fiber	design.	Nevertheless,	 the	 ratio	between	
the	achieved	additional	oxygen	transfer	and	the	additional	hemolysis	favors	the	
TPMS-	based	membrane	shapes.
Conclusion: TPMS-	shaped	membranes	offer	a	safe	way	to	improve	gas	transfer	
in	artificial	lungs.
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1 |  INTRODUCTION

Extracorporeal	 membrane	 oxygenation	 (ECMO)	 is	 fre-
quently	 used	 for	 patients	 with	 acute	 lung	 failure	 or	 ex-
acerbated	 chronic	 lung	 disease.	 In	 an	 extracorporeal	
circuit,	 the	 patient’s	 blood	 is	 oxygenated	 and	 decarbox-
ylated	continuously	through	an	artificial	membrane	lung	
and	 then	returned	 to	 the	patient.	State	of	 the	art	mem-
brane	lungs	contain	hollow	fiber	membranes	(HFM)	pro-
viding	 large	 exchange	 areas	 to	 substitute	 the	 impaired	
gas	transfer	of	the	native	lung.	Even	though	HFMs	have	
been	the	core	technology	of	artificial	membrane	lungs	for	
many	 decades	 and	 their	 mass	 transport	 properties	 have	
been	 thoroughly	 investigated,1-	3	 there	 persists	 one	 phe-
nomenon	which	keeps	the	gas	transfer	below	the	techni-
cal	 possibilities	 of	 the	 membranes:	 a	 laminar	 boundary	
layer	 causing	 a	 reduction	 of	 the	 mass	 transfer	 coeffi-
cients.	Especially	in	gas/liquid	membrane	processes	with	
Reynolds	numbers	firmly	within	the	laminar	or	creeping	
flow	 regimes,	 such	 as	 blood-	gas	 exchange	 in	 artificial	
membrane	 lungs,	 the	 boundary	 accumulates	 increasing	
concentrations	 of	 blood	 gases,	 which	 are	 not	 removed	
convectively.	Consequently,	the	saturated	layer	subjacent	
to	the	membrane	surface	acts	like	a	diffusional	barrier	to	
the	 gas	 transfer	 and	 therefore	 reduces	 the	 efficiency	 of	
gas	exchange.4-	8

Overcoming	this	limitation	is	highly	motivated	by	the	
possibility	 of	 reducing	 the	 foreign	 surface	 area.	 Blood	
commonly	 responds	 to	 large	 foreign	 surface	 areas	 with	
unphysiological	 coagulation	 or	 inflammatory	 reactions	
impeding	 the	 long-	term	 application	 of	 artificial	 mem-
brane	 lungs.9	 In	addition,	a	 reduced	exchange	area	and	
thus	 more	 compact	 devices	 would	 be	 more	 suitable	 for	
early	mobilization	of	ECMO	patients,	as	it	has	shown	to	
improve	the	outcome	and	shorten	hospitalization.10,11	In	
theory,	 efficiency	 can	 be	 restored	 by	 either	 limiting	 the	
growth	of	these	saturated	boundary	layers	or	induce	lam-
inar	mixing.4	Therefore,	 to	enhance	 the	gas	 transfer	ca-
pabilities,	“passive”	as	well	as	“active”	mechanisms	have	
been	 explored	 in	 the	 past.	 The	 typical	 crisscross	 or	 an-
gled	arrangements	of	hollow	fibers	in	stacked	or	wound	
modules	by	themselves	already	have	an	inherent	passive	
mixing	mechanism	compared	to	intraluminal	flow	HFMs	
from	 the	 past.3,12,13,14,15	 However,	 approaches	 to	 induce	
active	mixing	have	shown	that	there	is	still	untapped	po-
tential	in	this	arrangement	as	well.	In	this	context,	“active	
mixing”	 means	 applying	 external	 energy	 to	 the	 hollow	
fiber	bundles	to	promote	gas	transfer	by	a	pulsating	bal-
loon	 in	 the	 fiber	 bundle,16	 rotation17-	19	 or	 axial	 oscilla-
tion20	of	the	fiber	bundle.	However,	applying	additional,	
undirected	 hydraulic	 energy	 to	 the	 blood	 flow	 not	 only	
improved	 gas	 transfer	 performance	 but	 also	 exhibited	
drastically	increased	hemolysis.

Hemolysis	generally	refers	to	damages	of	the	red	blood	
cell	membrane	and	the	loss	of	the	oxygen	transport	mole-
cule	hemoglobin.	Typically,	technically	induced	hemolysis	
is	the	result	of	mechanical	shear	stress.	After	its	hemoly-
sis,	the	red	blood	cell	is	no	longer	available	for	gas	trans-
port,	potentially	worsening	the	ECMO	patient’s	condition.	
In	ECMO,	hemolysis	is	a	very	common	complication	with	
a	reported	probability	of	occurrence	of	more	than	10%.21	
Avoiding	technically	induced	hemolysis	in	ECMO	circuits	
should	 be	 prioritized	 for	 several	 reasons:	 First,	 cell-	free	
degradation	 products	 scavenge	 nitric	 oxide,	 which	 is	 a	
regulator	of	vasoconstriction.	In	consequence,	unphysio-
logical	vasoconstriction	leads	to	pulmonary	and	systemic	
hypertension	 or	 decreased	 organ	 perfusion.22	 Second,	 at	
high	 rates,	 cell	 fragments	 and	 plasma	 free	 hemoglobin	
(pfHb)	 may	 trigger	 the	 complement	 system,	 since	 heme	
may	possess	inflammatory	properties22,23	or	induce	plate-
let	activation.22,24,25	The	latter	may	enhance	circuit	throm-
bosis,	 the	 most	 prominent	 factor	 for	 mechanical	 failure	
during	 ECMO	 treatment.26	 Finally,	 hemolysis	 possesses	
an	uncertain	but	certainly	 important	 role	during	ECMO	
treatment	with	regard	to	mortality,	either	as	an	indicator	
or	even	as	a	mediator.27-	29	Taken	all	this	into	account,	any	
technical	provocation	of	hemolysis	of	any	component	of	
the	extracorporeal	circuit	should	be	kept	to	a	minimum.

As	an	alternative	to	cylindrical	HFM,	membrane	sur-
faces	 in	 the	 shape	 of	 triply	 periodic	 minimal	 surfaces	
(TPMS)	are	currently	in	the	focus	of	research.	By	defini-
tion,	these	surfaces	minimize	the	spanning	area	between	
given	 boundaries.	 Their	 mean	 curvature	 at	 all	 points	 is	
zero,	 which	 gives	 them	 a	 smooth	 and	 continuous	 char-
acter.	Since	they	are	periodic	in	all	spatial	directions,	the	
single	unit	cells	can	easily	be	arranged	 into	networks	of	
any	size.	Their	periodic	characteristic	combined	with	the	
advantages	 of	 a	 smooth	 topology	 and	 two	 interpenetrat-
ing,	 non-	connected	 volume	 domains	 allow	 them	 to	 be	
designed	 as	 a	 membrane.	With	 the	 advances	 in	 additive	
manufacturing	over	the	last	few	years,	the	fabrication	of	
these	 shapes	as	membranes	became	 feasible.	The	use	of	
TPMS	 as	 a	 membrane	 intends	 to	 create	 laminar	 mixing	
through	separation	and	recombination	of	the	fluid	by	its	
own	geometry	and	thus	offers	an	inherently	passive	mix-
ing	 mechanism.	 In	 fact,	 Femmer	 et	 al	 demonstrated	 on	
microfluidic	devices	an	improved	heat	transfer30	and	later	
on	in	proof-	of-	concept	experiments	of	an	improved	mass	
transport	of	CO2	in	water	compared	to	intra-	luminal	flow	
hollow	membranes.31	Following	these	initial	and	promis-
ing	results,	in	vitro	tests	on	different	TPMS-	shaped	mem-
brane	devices	with	larger	exchange	area	were	performed	
in	compliance	with	the	current	standards	for	oxygenator	
testing.32	As	a	result,	the	TPMS-	based	membranes	exceed	
the	 oxygen	 transfer	 capabilities	 of	 contemporary	 hollow	
fiber	 design	 by	 at	 least	 up	 to	 69.8%.	 The	 improved	 gas	
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transfer	 is	 attributed	 to	 laminar	 mixing	 disrupting	 the	
laminar	boundary	layer	that	reassembles	the	main	diffu-
sional	resistance	in	hollow	fiber	modules	and	enhancing	
the	convective	gas	transport.	However,	it	requires	experi-
mental	proof	that	the	improved	gas	transfer	is	not	at	the	
expense	of	greater	damage	to	the	blood.

Proposing	 the	 use	 of	 TPMS	 membranes	 in	 artificial	
membrane	 lungs	 requires	 that	 their	 flow	 characteristics	
prove	 to	be	hemocompatible.	This	study	aims	 to	 investi-
gate	 whether	 the	 increased	 gas	 transfer	 properties	 come	
at	 the	 cost	 of	 increased	 blood	 trauma.	 Therefore,	 stan-
dardized	 hemolysis	 tests	 are	 carried	 out	 in	 this	 study	 in	
order	to	achieve	a	valid	statement	regarding	the	structure-	
dependent	 hemolytic	 behavior	 of	TPMS	 structures	 com-
pared	to	the	contemporary	HFM	design.

2 |  MATERIALS AND METHODS

2.1 | Design and manufacturing of the 
test samples

Three	 different	 kinds	 of	 TPMS	 are	 subject	 of	 this	 study:	
Schwarz-	P	(SWP),	Schwarz-	D	(SWD)	and	Schoen’s	Gyroid	
(SGY)	as	 illustrated	 in	Figure 1.	Their	 surfaces	of	 single	
unit	 cells	 were	 generated	 in	 MathMod	 9.0	 based	 on	 the	
following	equations:

They	 were	 then	 imported	 as	 OBJ-	files	 into	 3-	Matic	
(Materialise	NV,	Leuven,	Belgium).	In	the	first	step,	the	unit	
cell	 was	 scaled	 so	 that	 the	 minimum	 membrane	 distance	
was	1.29 mm.	This	measure	was	already	used	 in	previous	
investigations	on	the	structure-	dependent	gas	transfer.	The	
TPMS	unit	cell	was	patterned	to	create	a	single	layer,	then	
these	layers	were	stacked	to	a	make	full	network.	Thus,	the	
height	 of	 the	 stack	 was	 a	 function	 of	 the	 targeted	 blood-	
contacting	surface.	The	part	was	then	solidified	and	brought	
into	a	round	tubular	shape	with	a	diameter	of	25 mm.	The	
circular-	shaped	front	and	back	of	the	cylindrical	test	sample	
will	later	be	the	entry	and	exit	of	the	blood	flow.	Therefore,	
the	structures	at	these	ends	were	rounded	to	allow	a	smooth	
transition.

As	 reference,	 an	 HFM	 test	 structure	 was	 included	 in	
this	study.	Here,	the	design	process	was	performed	in	Creo	
Parametric	 4.0	 (PTC	 Inc,	 Boston,	 USA).	 The	 geometric	

(1)SWP: FSWP (x, y, z) = cos (x) + cos (y) + cos (z) = 0

(2)

SWD: FSWD (x, y, z) = sin (x) sin (y) sin (z)

+sin (x) cos (y) cos (z)

+cos (x) sin (y) cos (z)

+cos (x) cos (y) sin (z) =0

(3)
SGY: FSGY (x, y, z) = cos (x) sin (y) +cos (y) sin (z)

+cos (z) sin (x) =0

F I G U R E  1  Representative,	readily	coated	replicas	of	the	investigated	geometries	(from	left	to	right):	(A)	HFM,	(B)	SWP,	(C)	SGY	and	
(D)	SWD	geometry.	Each	sample	represents	approximately	one	sixth	of	the	resulting	test	sample	length	used	for	the	hemolysis	tests
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dimensions	of	the	HFM	structure	follow	the	fiber	arrange-
ment	 in	 prominent	 commercially	 available	 oxygenators	
such	 as	 the	 Quadrox-	i	 Adult	 (Maquet	 Cardiopulmonary	
GmbH,	Germany).	Neighboring	 fiber	 layers	cross	by	90°	
degrees,	 while	 fiber	 layers	 with	 the	 same	 orientation	
(layer	1,	3,	5,…	and	2,	4,	6,	…)	are	arranged	staggered	 to	
prevent	 shunting	 through	 the	 model.	 Manufacturability	
of	 the	 test	 samples,	 however,	 necessitated	 a	 scale-	up	 of	
the	geometry.	The	outer	diameter	of	hollow	fibers	was	set	
from	 0.38  mm  (unscaled)	 to	 2.25  mm	 (scaled).	 Further	
geometric	parameters	of	the	structure	were	scaled	by	the	
same	factor	S = 5.91.	An	overlap	of	the	fiber	layers	by	5%	
of	the	new	fiber	diameter	allowed	printing	of	the	stacked	
fiber	layers	as	a	single	part.	Identical	to	our	previous	work	
on	 gas	 transfer	 in	TPMS,32	 the	 following	 parameters	 re-
main	constant	among	HFM,	SWP,	SWD	and	Gyroid:	gas	
exchange	surface	area,	cross	section	of	inlet	and	outlet	and	
the	minimal	membrane	distance	inside	the	structure.

All	parts	were	printed	on	an	Objet500	Connex3	printer	
using	VeroClear	(Stratasys	Ltd.,	Minnesota,	United	States)	
with	an	in-	plane	resolution	of	32 µm	and	16 µm	layer	thick-
ness	(samples	were	oriented	as	depicted	in	Figure 1A–	D).	
Due	 to	 limited	 processable	 file	 sizes	 of	 the	 3D-	printer,	
the	parts	were	divided	into	two	(SWP)	or	even	three	parts	
(SWD	and	SGY)	to	meet	the	demand	of	the	highest	possi-
ble	 resolution.	 Once	 fully	 cleared	 from	 support	 material	
and	post-	curing	under	UV	light	for	eight	hours,	the	parts	
were	carefully	glued	together	again	using	UV	light	curing	
adhesive	(Loctite	3301,	Henkel	AG,	Düsseldorf,	Germany).

A	 silicone	 rubber	 coating	 was	 applied	 to	 increase	
biocompatibility	 and	 smooth	 out	 the	 surface	 roughness	
resulting	 from	 the	 layer-	by-	layer	 3D-	printing	 process.	
In	 order	 to	 do	 this,	 the	 samples	 were	 fixed	 in	 a	 holder	
to	minimize	 the	contact	area	not	attained	 in	 the	coating	
process.	The	printed	structures	were	then	fully	immersed	
in	a	bonding	agent	(G790,	Wacker	Chemie	AG,	Munich,	
Germany).	Soap	film	like	skins	of	the	bonding	agent	that	
formed	in	the	tight	interspaces	in	the	TPMS	samples	were	
carefully	removed	using	compressed	air	to	avoid	potential	
obstructions	in	the	blood	path	later	on.	The	samples	were	
then	 left	 to	 evaporate	 for	 one	 hour	 at	 45°C.	 Afterwards,	
they	were	immersed	in	a	two-	component	silicone	mixture	
(ELASTOSIL®	RT	620	A/B,	Wacker	Chemie	AG,	Munich,	
Germany)	and	manually	rotated	to	assure	that	the	silicone	
wets	 the	 complete	 surface	 of	 the	 sample.	 In	 the	 follow-
ing,	the	samples	were	mounted	on	a	centrifuge	(Cryofuge	
M7000,	 Heraeus	 GmbH,	 Hanau,	 Germany)	 and	 spun	 at	
300  rpm	 to	 remove	 excess	 silicone.	 Finally,	 the	 sample	
structures	were	left	to	cure	thoroughly	for	60 min	at	45°C.	
A	homogenous	coating	and	smooth	surface	were	achieved	
after	3–	4	iterations	while	monitored	by	optical	microscopy	
(VHX	 6000,	 Keyence	 GmbH,	 Neu-	Isenburg,	 Germany)	
as	 depicted	 for	 each	 structure	 in	 Figure  2.	 For	 an	 even	

distribution	 of	 silicone,	 the	 sample	 structures	 were	 ro-
tated	by	90°	inside	the	holder	after	every	coating	iteration.	
The	resulting	thickness	was	measured	by	difference	of	the	
bore	diameter	of	SWP	(see	Figure 2C,D),	sine	this	was	the	
most	assessable	structure.	Microscope	images	at	a	100-	fold	
magnification	on	20	random	spots	per	 test	sample,	aver-
aged	 and	 subtracted	 by	 the	 average	 bore	 diameter	 of	 an	
uncoated	sample,	were	evaluated.	The	coating	 thickness	
was	determined	to	be	63.02 ± 6.63	and	thereby	represent-
ing	half	of	the	“simulated”	membrane	thickness.

The	test	section	for	the	hemolysis	test	was	designed	to	
consist	of	three	complete	sample	structures	of	one	kind.	
The	 combined	 blood	 contacting	 area	 was	 determined	
in	3-	matic	 to	be	111 888.5 ± 1331.5 mm2	 (±1.19%).	The	
deviation	 is	 a	 result	 of	 an	 integer	 number	 representing	
stacking	 count	 of	 TPMS	 unit	 cell	 layers	 and	 HFM	 fiber	
layers.	All	three	samples	of	the	same	kind	were	carefully	
placed	 in	 a	 tube	 with	 an	 inner	 diameter	 of	 1	 inch.	 The	
length	of	the	silicone	tube	was	determined	in	a	way	such	
that	all	test	circuit	contained	the	same	blood	volume.	The	
samples	 in	 the	 tube	 were	 flushed	 with	 50%	 2-	propanol	
(VWR	 International	 GmbH,	 Langenfeld,	 Germany)	 for	
ten	 minutes	 and	 afterwards	 with	 purified	 water	 for	 ten	
minutes.	 The	 sample-	tube	 complex	 was	 then	 connected	
to	 the	 blood	 circuit	 via	 self-	designed	 1ʺ-	1/4ʺ	 connectors	
(Polyoxymethylene).	The	inner	contour	of	the	connector	
should	 allow	 a	 smooth	 blood	 transition	 without	 sharp	
edges	or	erratic	changes	of	the	cross-	sectional	area.

2.2 | Operational point with regard to 
transferability

The	 manufacturability	 of	 the	 TPMS	 samples	 is	 depend-
ent	 on	 additive	 manufacturing	 capabilities.	 To	 exclude	
any	influences	other	than	the	flow-	induced	hemolysis,	it	
is	necessary	for	the	HFM	reference	model	to	undergo	the	
same	production	steps	and	be	made	of	the	same	materials.	
Therefore,	the	task	at	hand	was	to	create	comparable	flow	
conditions	as	in	original	sized	membrane	lungs.	Typically,	
similitude	theory	is	applied	to	achieve	the	same	flow	pat-
tern	 in	a	scaled	model	as	 in	reality.	However,	using	this	
common	approach	would	mean	that	the	forces	acting	on	
the	fluid	as	well	as	blood	trauma	would	not	scale	accord-
ingly.	Therefore,	this	study	is	based	on	the	similarity	of	the	
governing	forces	acting	on	the	fluid.

Based	 on	 the	 boundary	 layer	 theory,	 a	 laminar	 flow	
consists	 of	 two	 parts:	 A	 viscous	 boundary	 layer	 and	 the	
free	stream.	It	 is	mainly	 the	viscous	boundary	 layer	 that	
contributes	to	drag	forces	through	friction.	Therefore,	the	
choice	of	the	operating	point	is	based	on	the	assumption	
that	hemolysis	 in	a	 laminar	 flow	is	mainly	generated	by	
wall	 shear	 stress	 (WSS).33	 With	 regard	 to	 a	 meaningful	
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operating	 point,	 Computational	 Fluid	 Dynamics	 (CFD)	
was	 used	 to	 investigate	 the	 mean	 values	 of	 the	WSS	 in-
side	 the	HFM	bundle.	Blood	 flows	 through	the	original-	
sized	 HFM	 model	 and	 a	 scaled	 HFM	 model	 as	 used	 for	
the	 tests	 were	 numerically	 investigated.	 An	 originally	
sized,	 periodic	 section	 of	 fluid	 volume	 in	 a	 stacked	 and	
staggered	 HFM	 configuration	 (Figure	 3A)	 was	 modeled	
in	Creo	parametric	4.0	(PTC	Inc,	Boston,	Massachusetts,	
United	States).	For	acceptable	meshing	results,	a	distance	
of	60 µm	was	modeled	 in	between	 the	 fibers,	 instead	of	
the	 fibers	 laying	 directly	 on	 top	 of	 each	 other.	 All	 steps	
of	 the	 following	 numerical	 investigation,	 such	 as	 mesh	
generation	 (Meshing),	numerical	modelling	 (CFX),	 solv-
ing	 (CFX-	solver)	 and	 post-	processing	 (CFD	 Post),	 were	
performed	in	the	framework	of	ANSYS	Workbench	2020	
R1	(Ansys	Inc,	Canonsburg,	United	States).	For	the	scaled	

model,	the	geometry	was	uniformly	scaled	by	a	factor	of	
5.91	after	geometry	import.	A	mesh	independence	study	
was	performed	verifying	a	relative	error	of	less	than	2%	for	
the	 flow	 variables	 “maximum	 velocity”,	 “pressure	 loss”,	
and	“mean	wall	 shear	stress”	between	the	current	mesh	
and	the	mesh	with	the	highest	resolution.	Results	for	the	
mesh	independence	study	can	be	found	in	the	Supporting	
Information	to	this	manuscript.	Tetrahedral	meshes	were	
generated	with	1 252 284	and	1 929 463	elements	for	un-
scaled	 and	 scaled	 HFM	 model,	 respectively.	The	 chosen	
element	 counts	 for	 the	 unscaled	 and	 scaled	 model	 yield	
relative	errors	of	less	than	0.29%	and	1.07%.	The	element	
size	 of	 the	 free	 mesh	 of	 the	 unscaled	 and	 scaled	 model	
was	 10	 and	 50  µm,	 respectively.	 To	 achieve	 reliable	 val-
ues	for	the	WSS,	eight	inflation	layers	with	a	thickness	of	
the	first	layer	of	1.5 µm	and	a	growth	rate	of	1.1	cover	all	

F I G U R E  2  Microscopic	images	of	
representative	samples	of	uncoated	(A)	
HFM,	(C)	SWP,	(E)	SWD	and	(G)	SGY	
samples	and	readily	coated	(B)	HFM,	(D)	
SWP	(F)	SWD	and	(H)	SGY.	Note,	that	
these	are	no	single	planar	images	but	an	
assembly	of	multiple	images	over	a	certain	
height	each	focused	and	automatically	
reconstructed	using	the	“depth-	of-	focus”	
function
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membrane	surfaces	(Figure	3B).	The	final	mesh	metric	as-
sured	a	mesh	quality	of	>0.13,	a	skewness	of	<0.85,	and	
an	aspect	ratio	of	<15.2.	The	flow	direction	is	perpendic-
ular	 to	 the	 layered	 fiber	 arrangement.	 The	 interfaces	 in	
z-	directions	 received	 translationally	 periodic	 boundary	
conditions	and	a	prescribed	mass	flow	rate.	All	side	faces	
were	set	up	with	“symmetry”	boundary	conditions.	Given	
the	 low	 Reynolds	 numbers,	 flow	 was	 assumed	 laminar	
and	thus,	no	turbulence	model	was	used.	Flow	was	solved	
as	steady	state	simulation.

According	to	the	standard	for	blood	exchangers,34	the	
blood	flow	rate	used	to	determine	blood	cell	damage	shall	
be	the	maximum	flow	rate	specified	by	the	manufacturer	
for	 intended	 clinical	 use.	 As	 aforementioned,	 the	 exem-
plary	fiber	arrangement	of	HFM	can	be	found	in	various	

commercial	 membrane	 lungs	 such	 as	 Quadrox-	i	 Adult	
(Maquet	 Cardiopulmonary	 GmbH,	 Germany)	 with	 a	
maximum	flow	rate	of	7	L/min	specified	by	the	manufac-
turer.35	Thus,	 for	 the	scaled	model	a	corresponding	 flow	
rate	with	the	same	averaged	value	of	WSS	over	the	mem-
brane	wall	was	determined	to	be	1358 ml/min	as	depicted	
in	Figure 4.

2.3 | Hemolysis testing

A	 test	 sample	 as	 described	 was	 implemented	 in	 a	 test	
circuit	 (see	 Figure  5).	 Further,	 each	 test	 circuit	 in-
cluded	 a	 modified	 blood	 reservoir	 (2-	port	 bag	 [100  ml,	
PVC],	 Qosina,	 NY,	 United	 States),	 a	 temperature	 probe	

F I G U R E  3  Overview	of	the	(A)	numerical	setup	and	(B)	mesh	for	the	numerical	determination	of	the	operational	point

F I G U R E  4  Simulated	wall	shear	stress	(WSS)	(mean	±	SD)	averaged	over	the	membrane	surface	of	original-	sized	HFM	and	scaled	
HFM	model.	Choice	of	operational	point	based	on	mean	WSS.	Note	the	interruption	of	the	abscissa;	metric	division	of	the	axes	is	equal
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(RDXL6SD,	 Omega	 Engineering	 GmbH,	 Deckenpfronn,	
Germany),	 a	 clam-	on	 flow	 probe	 (ME6PXL,	 Transonic	
Systems	Inc,	NY,	United	States)	and	two	pressure	probes	
(Xtrans	 pressure	 transducer,	 Codan	 pvb	 Criticial	 Care	
GmbH,	Forstinning,	Germany)	before	and	after	test	sam-
ples.	A	Deltastream	DP3	centrifugal	blood	pump	(Xenios	
AG,	 Heilbronn,	 Germany)	 was	 used	 to	 generate	 blood	
flow.	Hoffman	clamps	were	used	in	conjunction	with	the	
pump	to	compensate	the	different	pressure	drops	over	the	
samples	and	allow	the	pumps	of	 the	different	circuits	 to	
operate	at	the	same	pump	speed.	The	average	pump	speed	
over	all	trials	was	3960 ± 128.2 rpm	(as	mean	±	SD).	The	
maximum	deviation	of	 the	pump	speed	during	 the	 indi-
vidual	trials	ranged	between	0.1%	and	2.00%.	The	circuits	
were	 placed	 in	 temperature-	controlled	 water	 baths	 (Eco	
Silver,	Lauda	Dr	R.	Wobser	GmbH,	Lauda-	Königshofen,	
Germany)	to	maintain	a	temperature	of	37 ± 1°C.

Prior	 to	 blood	 contact,	 the	 test	 circuits	 were	 primed	
with	 isotonic	 saline	solution	 (0.9%,	B.	Braun	Melsungen	
AG,	 Germany).	 To	 support	 de-	airing,	 the	 circuits	 were	
pumped	 with	 saline	 for	 10  min	 at	 a	 target	 flow	 of	
1358  ml/min	 (±5%).	 The	 saline	 solution	 was	 partially	
removed	 and	 replaced	 with	 whole	 blood.	 The	 remain-
ing	 saline	 was	 calculated	 to	 dilute	 the	 whole	 blood	 to	 a	

hemoglobin	concentration	of	12	(±1 g/dl)	 in	accordance	
with	 ISO	 7199.34	 Fresh,	 fully	 heparinized	 porcine	 blood	
(15  000  IU/L,	 ratiopharm	 GmbH,	 Ulm,	 Germany)	 was	
used	for	this	study.	On	each	test	day,	one	of	each	structure	
was	tested	with	the	blood	from	the	same	batch.	The	total	
volume	 of	 each	 circuit	 was	 220  ±  0.5  ml.	 During	 a	 pre-	
testing	phase	of	10 min	the	circuit	was	operated	at	target	
flow	rate	to	establish	stable	flow	conditions,	and	sodium	
bicarbonate	(Fresenius	Kabi	AG,	Bad	Homburg,	Germany)	
was	added	to	the	blood	stream	to	adjust	the	base	excess	to	
0 ± 5 mmol/L. A	static	reference	with	a	volume	of	110 ml	
of	 the	 same	blood	was	kept	under	 static	 conditions	 in	a	
water	bath	to	exclude	abnormal	autohemolysis.

Blood	samples	were	taken	at	baseline	(0 min)	and	10,	
30,	 90,	 180,	 270	 and	 360  min	 in	 compliance	 with	 both	
ISO	719934	and	the	FDA	Guidance	for	Cardiopulmonary	
Bypass	Oxygenators.36	Before	drawing	a	sample	volume	
of	3 ml,	1 ml	of	discard	was	drawn	in	order	to	clear	the	
sampling	 ports	 of	 old	 blood.	 Blood	 count,	 activated	
clotting	 time,	 and	 blood	 gas	 analysis	 were	 performed	
immediately	after	sampling	and	then	in	a	two-	step	sepa-
ration	process,	cell-	free	plasma	was	prepared	and	stored	
at	 −80°C.	 Plasma	 free	 hemoglobin	 (pfHb)	 was	 photo-
metrically	measured	as	an	indicator	for	hemolysis.	The	

F I G U R E  5  (A)	Schematic	and	(B)	
image	of	the	test	circuit	used	for	the	
hemolysis	tests.	①	Temperature	probe,	
②	centrifugal	pump,	③	pressure	ports	p1	
and	p2,	④	sample	port,	⑤	temperature-	
controlled	water	bath,	⑥	flow	probe,	⑦	
flow	resistance,	⑧	blood	bag	reservoir,	⑨	
test	sample,	and	⑩	water-	heater	unit	of	
the	water	bath
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plasma	samples	were	defrosted	and	diluted	with	HiCN	
conversion	 solution	 (bioanalytic	 GmbH,	 Umkirch/
Freiburg,	Germany)	in	the	ratio	1:5	(v/v).	After	30 min	of	
incubation,	the	light	absorbance	by	the	converted	pfHb	
was	 measured	 at	 wavelength	 of	 540  nm	 and	 680  nm	
using	 a	 UV-	visible	 spectrophotometer	 (Ultrospec	 2100,	
BioChrom,	Cambourne,	Cambridge,	United	Kingdom).	
Results	were	accepted	if	they	had	a	coefficient	of	varia-
tion	of	≤0.06	between	duplicates.

To	account	for	volume	changes	due	to	sampling,	it	has	
proven	useful	when	using	low-	volume	circuits	to	calculate	
the	modified	index	of	hemolysis	(MIH)	as	follows37:

Here,	instead	of	assuming	a	constant	priming	volume	over	
the	whole	duration	of	the	test,	VΔti

	(ml)	describes	the	priming	
volume	during	the	interval	Δti = ti − ti−1	as	minutes	between	
two	samples.	Sampling	times	are	labeled	ti	starting	with	t0	as	the	
baseline	and	 so	on:	ti = 10, 30, 90, 180, 240, and360min	.	
ΔpfHbti = pfHbti − pfHbti−1	 is	 the	 amount	 of	 generated	
plasma	hemoglobin	between	two	consecutive	samples	(mg/
dl).	Hctti	is	the	hematocrit	measured	at	the	respective	sam-
ple	time	ti,	and	Q	is	the	flow	rate.	The	total	test	duration	is	
T = 360 min.	

‼

Hb	is	the	averaged	hemoglobin	value	(mg/dl).
After	 the	 experiment	 was	 completed,	 the	 pressure-	

flow	 characteristics	 of	 each	 sample	 were	 recorded.	
Pressure	 differences	 over	 each	 test	 sample	 were	 mea-
sured	 at	 blood	 flow	 rates	 from	 400	 to	 1400  ml/min	 in	
200  ml/min	 increments.	 Pressure	 sensors	 were	 cali-
brated	 a	 second	 time	 immediately	 after	 the	 final	 pres-
sure	 measurements	 to	 ensure	 no	 drifting	 occurred	
during	 the	 hemolysis	 test.	 More	 commonly	 used	 than	
the	pressure	difference	is	the	permeability	for	the	char-
acterization	 of	 packed	 membranes	 in	 artificial	 lungs.	
The	permeability	K	describes	the	proportional	relation-
ship	 between	 the	 pressure	 gradient	 �p

�x
	 and	 the	 volume	

flow	Q	through	a	cross-	sectional	area	A	for	laminar	flow	
according	to	Darcy’s	Law:

2.4 | Refurbishment of 
structure samples

The	same	 test	 samples	were	used	 throughout	 the	whole	
measurement	 series.	 Therefore	 a	 cleaning	 protocol	 was	
applied	 after	 every	 test,	 which	 included	 the	 flushing	 of	
the	 structures	 with	 purified	 water	 (20  min,	 23°C)	 and	

subsequently	with	pepsin-	citrate	solution	(2 h;	AppliChem	
GmbH,	 Darmstadt,	 Germany)	 and	 the	 following	 then	
submersion	in	the	pepsin-	citrate	solution	for	24 h.	After	
this,	a	final	flushing	with	water	(2 min),	50%	2-	propanol	
(10 min),	and	finally	purified	water	completed	the	clean-
ing	procedure.	The	samples	were	then	dried	using	filtered	
pressurized	air.	All	samples	were	visually	examined	after	
the	test	series	to	ensure	the	silicone	did	not	wear	off	and	
the	flow	paths	were	free	of	deposits.

2.5 | Statistical analysis

The	results	of	the	measurement	series	were	analyzed	sta-
tistically	 using	 SPSS	 Statistics	 (IBM,	 New	 York,	 United	
States).	A	Shapiro-	Wilk	 test	was	used	 to	control	 the	dis-
tribution	of	data	points	and	decide	for	consecutive	para-
metric	or	non-	parametric	tests.	Homogeneity	of	variance	
was	 assessed	 by	 the	 Levene	 test.	 Parametric	 data	 were	
investigated	via	the	Welch-	ANOVA	test.	Non-	parametric	
data	 was	 investigated	 by	 the	 Kruskal-	Wallis	 test.	 A	 p-	
value ≤ .05	was	considered	significant.

3 |  RESULTS

Results	for	plasma	free	hemoglobin	are	depicted	as	mean	
value	 with	 standard	 deviation	 in	 Figure  6A.	 After	 six	
hours	∆pfHb	amounts	were	46.6,	68.9,	and	51.3 mg/dl	for	
SWP,	 SWD,	 and	 SGY,	 respectively.	These	 levels	 are	 23%,	
48%,	 and	 30%	 higher	 than	 in	 the	 HFM	 reference	 circuit	
(35.7  mg/dl).	The	 mean	 value	 for	 autohemolysis	 is	 rela-
tively	 low,	with	4.8 mg/dl	after	six	hours.	 In	accordance	
with	these	results,	the	MIH	is	depicted	in	Figure 6B	as	a	
boxplot	diagram	including	scattered	results	from	each	run,	
median	 and	 mean	 value.	 The	 percentage	 differences	 on	
mean	values—	SWP	12%,	SWD	63%,	and	SGY	32%	higher	
compared	 to	 HFM—	are	 ranked	 accordingly	 to	 ∆pfHb,	
with	MIHSWD	being	the	highest	MIHHFM	the	lowest	value.	
For	 SWP	 especially,	 the	 results	 from	 each	 trial	 differ	 in	
their	value.	Therefore,	there	is	a	high	discrepancy	between	
median	and	mean	value.	While	the	mean	value	of	MIHSWP	
exceeds	MIHHFM,	the	median	of	SWP	is	lower	than	that	of	
HFM.	Results	of	MIH	could	verify	a	normal	distribution	
in	a	Shapiro-	Wilk	test	(p ≥ .069),	but	the	homogeneity	of	
variances	(based	on	mean	value)	was	not	given	according	
to	Levene	test	(p = .036).	Thus,	a	Welch-	ANOVA	was	car-
ried	out,	indicating	no	significant	difference	between	the	
investigated	structures	(p = .246).

The	 measured	 pressure	 values	 for	 all	 structures	 are	
depicted	 in	 Figure  7A.	 These	 pressure	 drops	 amount	 to	
21.0  mm	 Hg	 (HFM),	 52.8  mm	 Hg	 (SWP),	 44.8  mm	 Hg	
(SWD),	and	46.6 mm	Hg	(Gyroid)	at	the	operating	point.	

(4)

MIH =
1

T

∑

i=1

Δti × ΔpfHbti ×

(

100 −Hctti
)

100
×

VΔti

Hb ×Q × Δti

(5)�p

�x
= −

�

K

Q

A
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According	 to	 the	 Shapiro-	Wilk	 test,	 pressure	 drop	 data	
is	 not	 normal	 distributed	 (p ≥  .046).	The	 Kruskal-	Wallis	
test	 showed	 significant	 differences	 between	 the	 mean	
values	 (p ≤  .000131).	Consecutive,	paired	Kruskal-	Wallis	
tests	 (Bonferroni	correction)	between	every	TPMS	struc-
ture	 and	 the	 HFM	 design	 showed	 significant	 differ-
ences	 for	 SWP	 and	 Gyroid	 (p ≤  .031),	 but	 not	 for	 SWD	
(p  =  .138).	 The	 flow-	averaged	 permeabilities	 are	 shown	
in	 Figure  7B.	 HFM	 has	 the	 highest	 mean	 permeability	
(KHFM  =  13.081  ×  10–	4  m2)	 while	 all	 the	 permeabilities	
of	 all	 TPMS	 shaped	 structures	 are	 less	 than	 half	 of	 the	

permeability	of	HFM	(KSWP	=	4.1747 × 10–	4 m2,	KSWD	=	
5.2025 × 10–	4 m2,	and	KSGY = 5.3527 × 10–	4 m2).

4 |  DISCUSSION

4.1 | Relevance of the results in context 
of gas transfer enhancement

Mechanisms	 to	 enhance	 gas	 transfer	 in	 artificial	 lungs,	
both	 passive	 as	 well	 as	 active,	 are	 widely	 investigated.	

F I G U R E  6  Results	from	the	hemolysis	test	for	HFM	(n = 6),	SWP	(n = 7),	SWD	(n = 7)	and	SGY	(n = 7).	(A)	Longitudinal	profiles	of	
∆pfHb	are	depicted	as	mean	±	SD	with	mean	linear	regression.	Of	note,	for	better	visualization	the	graphs	are	shifted	by	2 min	each	in	this	
consecutive	order.	(B)	MIH	index	of	hemolysis	at	360 min	of	HFM,	SWP,	SWD	and	SGY	depicted	as	box	and	whisker	plot.	Mean	values	are	
marked	as	“+”

F I G U R E  7  Pressure	difference	and	permeabilities:	(A)	directly	measured	pressure	difference	caused	by	the	different	structures	at	
different	flow	rates.	(B)	Derived	permeabilities	for	each	structure	as	mean	value	averaged	over	flow	rates	and	all	measurement	of	the	test	
series
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Recently,	TPMS	shaped	membranes	came	into	the	focus	
of	research	as	a	potential	new	core	technology	for	artifi-
cial	lungs.	First	insights	into	their	oxygen	transfer	perfor-
mance	show	increases	of	up	to	49.6%	compared	to	HFM	
design.	 However,	 in	 the	 past,	 most	 approaches	 of	 gas	
transfer	augmentation	by	disrupting	the	 laminar	bound-
ary	 layer	 by	 passive	 or	 active	 means	 have	 been	 associ-
ated	with	an	unproportionally	high	increase	of	hemolysis	
(see	Table 1).	Eash	et	al	 investigated	a	 respiratory	assist	
catheter	with	rotating	fiber	bundles	hoping	to	reduce	the	
exchange	 areas,	 especially	 the	 diameter	 of	 the	 respira-
tory	assist	device	for	better	insertion.	With	increasing	ro-
tational	speed	from	2000 rpm	to	12 000 rpm	the	oxygen	
transfer	and	CO2	removal	was	enhanced	by	the	factors	of	
3.4	and	2.6,	respectively.	At	a	medium	operational	point	
of	7500 rpm,	preliminary	hemolysis	tests	revealed	an	aver-
aged	2.5-	fold	higher	free	plasma	hemoglobin	rate	than	an	
intra-	aortic	balloon	pump	pulsating	at	120 bpm.17	Also	on	
a	rotating	fiber	bundle,	Svitek	et	al	observed	an	increase	of	
approximately	143%	and	126%	at	a	flow	rate	of	750 ml/min	
and	 rotation	 speed	 of	 1000  rpm	 for	 oxygen	 transfer	 and	
CO2	 removal,	 respectively.	 Although	 the	 authors	 of	 this	
particular	 study	 claim	 differently,	 the	 only	 way	 to	 look	
at	the	results	is	the	comparison	made	between	the	proto-
type	with	a	rotating	fiber	bundle	and	the	used	reference	
oxygenator	with	a	 static	 fiber	bundle	with	at	 least	 twice	
the	 exchange	 area	 (information	 on	 the	 size	 is	 missing).	
Based	 on	 this,	 the	 rotating	 fiber	 bundle	 causes	 2.7-	fold	
the	amount	of	 free	plasma	hemoglobin	(pfHb).18	Hattler	

et	al	investigated	an	intravenous	respiratory	gas	exchange	
catheter	 for	placement	 in	 the	vena	cava	or	 right	atrium.	
The	 device	 incorporates	 a	 pulsating	 balloon	 surrounded	
by	 hollow	 fibers.	 Pulsations	 of	 the	 balloon	 increase	 the	
normal	 velocity	 and	 thus	 allows	 an	 improvement	 of	 the	
oxygen	transfer	by	214%.16	This	device	with	fibers	would	
generate	even	slightly	less	hemolysis	than	a	“naked”	bal-
loon.38	To	the	authors’	best	knowledge,	this	is	the	only	at-
tempt	 in	 this	 field	where	gas	 transfer	and	blood	 trauma	
both	 improved	 simultaneously.	 Orizondo	 et	 al	 investi-
gated	 gas	 transfer	 enhancement	 via	 axial	 oscillations	 of	
the	 fiber	 bundle.	 At	 the	 design	 point	 chosen	 to	 investi-
gate	hemolysis,	an	enhancement	of	40%	was	achieved	in	
comparison	to	a	stationary	fiber	bundle.	The	difference	in	
normalized	index	of	hemolysis	(NIH)	at	this	design	point	
compared	to	a	resting	fiber	bundle	was	non-	significant	but	
on	average	twice	as	high.20

Except	for	the	results	by	pulsation	inside	the	fiber	bun-
dle,	a	benefit/cost	 ratio	between	relative	oxygen	transfer	
augmentation	and	increase	of	hemolysis	above	100%	has	
not	yet	been	achieved.	TPMS	shaped	membranes	offer	this	
greater	increase	of	oxygen	transfer	over	increase	in	hemo-
lysis.	Although,	hemolysis	levels	of	all	structures	increase,	
in	 the	 cases	 of	 SWP	 and	 SGY,	 the	 benefits	 to	 oxygen	
transfer	prevail.	Therefore,	 the	 results	of	 this	 study	 sup-
port	 the	 very	 promisingly	 hypothesis	 that	TPMS	 shaped	
membranes	 improve	 gas	 transfer	 while	 minimizing	 he-
molysis.	In	addition,	the	metrics	of	this	study	suggest	no	
significant	difference	was	found	after	seven	repetitions	of	

T A B L E  1  Explored	enhancement	mechanisms	in	artificial	lungs	from	literature	and	their	relative	contribution	to	oxygen	transfer,	
carbon	dioxide	transfer	and	hemolysis

Exchange 
area

Membrane 
configuration

Type of 
mechanism Working principle

O2 transfer 
enhancement

Hemolysis 
increase

Benefit/
cost ratio

Eash	et	al17 0.1 m2 HFM Active Fiber	bundle	rotation +221%a 250%b –	c

Svitek	et	al18 0.25 m2 HFM Active Fiber	bundle	rotation +143% +169%d 0.9

Hattler	et	al16/
Lund	et	al38

0.17 m2 HFM Active Pulsation	inside	fiber	
bundle

+214%e,f −31.3%f 3.13

Orizondo	et	al20 0.25 m2 HFM Active Axial	fiber	bundle	
oscillation

+40% +93.8% 0.72

Hesselmann	
et	al32

0.0378 m2 SWP Passive Inherent	mixing +32.6%g,h +22.7% 1.08

0.0375 m2 SWD Passive Inherent	mixing +32.0%g,h +77.7% 0.74

0.0376 m2 SGY Passive Inherent	mixing +49.6%g,h +43.8% 1.04
aNote,	that	the	enhancement	was	normalized	by	the	oxygen	transfer	to	the	lowest	rotation	speed	due	to	a	lack	of	data	for	the	stationary	fiber	bundle.
bNote,	that	the	hemolysis	in	this	study	was	compared	to	an	intra-	aortic	balloon	pump.
cNote,	that	based	on	the	study	design	a	calculation	of	the	use/cost	ratio	does	not	seem	reasonable.
dNote,	that	the	increase	of	hemolysis	is	normalized	by	a	commercial	oxygenator	with	a	stationary	fiber	bundle.
eTest	was	performed	with	water	instead	of	blood.
fHemolysis	was	evaluated	at	4	L/min	while	gas	transfer	was	tested	at	3	L/min.
gIn	direct	comparison	to	stacked	hollow	fiber	arrangement.
hInvestigations	were	made	on	upscaled	membranes	at	the	same	Reynolds	number	as	a	commercial	oxygenator	at	7	L/min	flow.
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the	experiment.	This	indicates	that	the	contribution	of	the	
TPMS	designs	vary	in	the	same	range	as	the	hollow	fiber	
design.	Therefore,	despite	the	missing	statistical	evidence,	
it	 is	 highly	 probable	 that	 the	 TPMS	 shaped	 membranes	
will	not	cause	unacceptable	levels	of	hemolysis.

At	high	 rates,	 cell	 fragments	 from	hemolysis	may	 in-
duce	 platelet	 activation	 and	 consequently	 accelerate	
thrombus	formation	which	is	the	most	prominent	reason	
for	mechanical	 failure	of	membrane	 lungs.	Here,	hemo-
lysis	 has	 proven	 not	 to	 exceed	 unreasonable	 levels	 and	
therefore,	no	elevated	risk	of	adverse	reactions	of	this	kind	
are	expected	compared	to	a	HFM	modules.

In	 a	 direct	 comparison,	 SWP	 exhibits	 a	 higher	 mean	
value	 and	 deviation	 than	 HFM,	 but	 a	 lower	 median.	 In	
multiple	 tests,	 SWP	 generated	 less	 plasma	 hemoglobin	
than	HFM	and	yet	there	were	some	tests	with	much	higher	
hemolysis	values.	A	qualitative	assessment	of	hemolysis	
based	on	medians	would	make	SWP	a	favorable	alterna-
tive	 for	HFM.	The	 reason	 for	 this	 is	probably	connected	
to	the	similarities	in	their	flow	fields.	Comparing	the	flow	
paths	in	HFM	and	SWP,	the	blood	flow	experiences	a	cy-
clic	 acceleration	 and	 deceleration	 in	 both	 structures.32	
SWD	and	SGY,	on	the	other	hand	show	a	lower	variance	
but	both	mean	value	and	median	exceed	 those	of	HFM.	
Presumably,	 the	 mixing	 the	 near-	wall	 boundary	 layer	
manifests	itself	as	an	increased	pressure	drop	(Figure 7A)	
and	reduced	permeabilities	(Figure 7B).	This	is	supported	
by	the	gas	transfer	results	from	an	earlier	study32	as	well	
as	the	hemolysis	results	from	this	paper.	The	shortest	flow	
path	through	the	SWD	network	is	much	longer	and	forms	
a	helical	streamline.	Through	SGY,	a	continuous	separa-
tion	 and	 recombining	 is	 responsible	 for	 the	 mixing	 and	
consequently	the	pressure	drop	as	well.32

On	the	one	hand,	the	pressure	drop	across	an	artificial	
membrane	lung	is	relevant	for	the	therapeutic	application	
of	the	membrane	lung	and	on	the	other	hand	because	of	
the	additional	hydraulic	energy	required	to	overcome	this	
pressure	gradient.	Here,	 the	pressure	 loss	was	measured	
experimentally	 using	 porcine	 blood.	 A	 commonly	 used	
and	more	accessible	 form	to	describe	 the	resistance	of	a	
membrane	module	 is	 the	“Darcy	Permeability”.	Because	
of	its	independency	of	flow	rate	and	flow	medium,	it	can	
be	treated	as	a	material	constant.	The	determined	permea-
bilities	are	about	60%–	70%	lower	than	for	the	hollow	fiber	
design	 and	 thus	 produce	 a	 significantly	 higher	 pressure	
drop.	Increased	afterload	has	proven	to	lead	to	increased	
hemolysis	rate	in	centrifugal	pumps	typically	used	in	clin-
ical	practice.39,40	A	high	flow	resistance	of	the	membrane	
lung	 affects	 the	 flow	 conditions	 and	 blood	 recirculation	
inside	 the	 ECMO	 pump.	 In	 a	 clinical	 setup,	 this	 would	
mean	a	 shift	of	 the	hemolysis	 source	 towards	 the	pump	
and	could	significantly	increase	the	hemolysis	of	the	en-
tire	circuit.	In	addition,	for	some	therapeutic	applications	

such	as	bypassing	the	native	lung	a	small	pressure	drop	is	
required.	Thus,	a	membrane	lung	based	on	TPMS	shaped	
membranes	may	not	be	suitable	per	se.	For	this	reason,	the	
lower	permeabilities	need	to	be	accounted	for	by	the	flow	
path	design	in	TPMS-	based	artificial	lungs.

4.2 | Experimental setup

Prerequisite	for	any	statement	about	the	hemolytic	charac-
teristics	of	the	single	TPMS	shapes	is	a	sufficient	signal-	to-	
noise-	ratio	to	assess	the	hemolysis	of	the	structures	provided	
by	the	experimental	setup.	However,	it	remains	a	challenge	
in	material	 testing	to	design	circuits	 that	allow	determina-
tion	of	the	impact	of	a	“passive”	sample	through	which	blood	
flows	but	requires	an	additional	pump,	which	is	also	a	source	
of	hemolysis.	Thus,	a	 low	amount	of	hemolysis	caused	by	
all	other	components	of	the	circuit	except	the	samples	was	
prioritized	 in	order	 to	provide	a	clear	signal-		to-	noise	ratio.	
For	this	reason,	a	centrifugal	pump	was	chosen	over	a	roller	
pump	was	chosen	to	generate	blood	flow,	despite	its	after-
load	dependent	pump	characteristics.	Ideally,	an	afterload-	
independent,	volumetric	pump	would	have	been	preferable	
to	exclude	the	necessity	of	Hoffman	clamps	due	to	the	 in-
dividual	resistances	of	each	structure.	Despite	this	and	the	
ongoing	controversial	debate	on	the	hemolytic	behavior	of	
roller	 pumps	 compared	 to	 centrifugal	 pumps	 at	 low	 flow	
rates	 (pro	roller	pump21,41,42;	pro	centrifugal	pump43,44),	 in	
this	in	vitro	setup,	the	Deltastream	DP3	diagonal	pump	has	
proven	 to	 be	 much	 less	 hemolytic	 than	 a	 pediatric	 roller	
pump.	 In	 addition,	 test	 circuits	 with	 low	 priming	 volume	
(220 ml)	were	used	to	increase	the	amount	of	passages	per	
minute	through	the	sample	structures.	In	this	way,	Wölke	
et	al	were	able	to	achieve	a	significant	increase	in	the	abso-
lute	 hemolysis	 signal.37	 Here,	 the	 differences	 between	 the	
single	structures	were	amplified	to	a	non-	significant	but	dis-
tinguishable	level	of	their	mean	values.	However,	any	inter-
fering	signal	such	as	the	biological	variance	of	the	blood	is	
also	amplified.	By	these	means,	the	circuit	design	as	cause	
is	 considered	 sufficient	 to	 be	 ruled	 out	 as	 cause	 for	 non-	
significance	rather	than	biological	variances.	Therefore,	this	
strengthens	the	presumption	that	the	differences	in	the	MIH	
between	the	structures	are	 in	 fact	acceptably	small	 for	 the	
safe	use	of	TPMS	membranes	in	artificial	lungs.

4.3 | Transferability of the results

The	intention	of	using	an	HFM	sample	as	reference	was	
to	link	these	results	to	the	membrane	design	in	contempo-
rary	membrane	lungs.	To	exclude	the	influence	of	different	
surfaces	or	manufacturing	methods	as	source	of	hemoly-
sis,	 all	 samples,	 including	 HFM,	 were	 manufactured	 in	
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the	same	manner.	Still,	complex	structures	such	as	TPMS	
shapes	 are	 currently	 only	 manufacturable	 by	 the	 means	
of	additive	manufacturing.	Here,	the	minimal	scaling	fac-
tor	of	the	HFM	model	(S = 5.91)	was	limited	through	the	
resolution	of	the	3D-	printer	as	well	as	the	coating	process.	
Typically,	whenever	fluid	mechanical	measurements	can-
not	be	performed	on	the	original	sized	device	because	of	
limited	accessibility	or	spatial	resolution,	an	upscaled	rep-
lica	following	the	rules	of	similitude	theory	is	the	common	
approach.45,46	Therefore,	the	physical	problem	is	described	

by	dimensionless	parameters	that	hold	for	the	original	as	
well	 as	 for	 the	 replica	 and	 result	 in	 a	 transferable	 flow	
field.	Here,	the	flow	field	would	be	mainly	governed	by	the	
Reynolds	number.	Figure 8A	shows	the	flow	field	and	WSS	
distribution	of	a	clinical	membrane	lung	at	its	maximum	
operation	point	(Re	=	3.569).	A	hypothetical	upscaling	of	
the	geometry	would	demand	for	lowering	the	flow	veloc-
ity	by	the	same	factor	to	keep	the	Reynolds	number	equal.	
However,	as	the	flow	velocity	decreases	and	the	distances	
between	 the	 fibers	enlarge,	 the	 shear	 forces	on	 the	 fluid	

F I G U R E  8  Simulated	flow	field	(top)	and	WSS	distribution	(bottom)	of	an	(A)	unscaled	and	(B)	scaled	HFM	model	at	the	same	
Reynolds	number	(Re = 3.569)	describing	flow	conditions	in	a	representative	membrane	lung	compared	with	(C)	flow	conditions	in	a	scaled	
HFM	model	at	flow	conditions	with	same	mean	WSS	(Re	=	83.528).	Flow	direction	is	from	top	to	bottom
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inside	the	HFM	bundle	will	drastically	decrease	(by	a	fac-
tor	of	1/S²)	in	a	way	that	they	may	not	exceed	any	hemo-
lytic	threshold	(see	Figure 8B).	Therefore,	in	this	study,	we	
attempted	 to	keep	 the	 fluid	mechanical	 forces	acting	on	
the	blood	the	same	as	in	a	clinical	device	by	keeping	the	
mean	WSS	the	same.	However,	this	means	an	unavoidable	
change	to	the	Reynolds	number	and	thus	to	the	flow	field.	
Figure  8C	 shows	 the	 flow	 field	 and	 WSS	 distribution	 in	
the	scaled	HFM	arrangement	at	a	Reynolds	number	Re	=	
83.5.	The	changes	of	the	flow	field	are	considerably	low.	
The	 WSS	 distribution	 shifts	 slightly	 towards	 the	 stagna-
tion	point	of	the	cylindrical	fiber	due	to	the	increase	of	the	
inertial	term	resulting	in	higher	standard	deviations	of	the	
WSS	 (see	 Figure  4).	 Nevertheless,	 the	 Reynolds	 number	
does	not	exceed	a	value	known	to	change	the	flow	regime	
from	 laminar	 to	 turbulent.	 Therefore,	 the	 main	 source	
for	hemolysis	is	still	considered	WSS.	Based	on	the	same	
forces	acting	on	the	fluid	as	cause	for	the	flow-	induced	he-
molysis,	the	results	are	transferable	to	the	length	scale	of	
original	sized	HFM.	By	reducing	the	size	of	all	structures	
and	the	flow	velocities	by	the	same	factor,	the	ranking	of	
the	 flow-	induced	 hemolysis	 is	 expected	 to	 scale	 equally.	
The	same	statement	holds	for	the	permeability,	which	will	
decrease	with	the	size,	but	the	ranking	of	permeabilities	is	
not	expected	to	change.

4.4 | Outlook

In	this	study,	we	have	evaluated	the	denominator	of	 the	
use/cost	ratio	of	a	novel	membrane	technology.	The	TPMS	
based	membranes	offers	a	higher	oxygen	transfer	than	the	
contemporary	hollow	fiber	design	but	at	cost	of	additional	
hemolysis.	 The	 balance	 between	 these	 two	 criteria	 is	 in	
favor	 of	 the	 oxygen	 transfer	 and	 therefore,	 these	 shapes	
are	highly	interesting	for	the	use	in	artificial	 lungs.	Still,	
the	 potential	 of	 free-	form	 membranes	 should	 be	 further	
investigated	 towards	 untapped	 potential.	 Results	 from	
previous	 studies	have	shown	 that	 there	may	be	a	Pareto	
boundary	 between	 the	 characteristics	 of	 oxygen	 transfer	
and	 blood	 trauma,	 but	 this	 has	 not	 been	 fully	 explored	
with	 this	 technology.33	 Based	 on	 parameterized	 TPMS	
shapes	 the	 gas	 transfer	 could	 be	 optimized	 within	 the	
boundaries	of	acceptable	blood	trauma	using	flow	simula-
tions	combined	with	validated	models	for	gas	transfer47,48	
and	blood	damage.49

Moreover,	3D-	membranes	possess	a	high	potential	for	
an	overall	hemocompatible	flow	path	design	in	membrane	
lungs	as	an	assembly	of	TPMS	unit	cells.	This	may	offer	
innovative	 opportunities	 to	 develop	 artificial	 lungs	 that	
are	more	resistant	against	 thrombus	formation.	With	re-
gard	to	their	long-	term	stability,	not	only	hemolytic	blood	

trauma	on	a	structural	base	but	also	the	thrombotic	blood	
trauma	of	overall	TPMS	based	membrane	modules	should	
be	investigated.

5 |  CONCLUSION

Membranes	based	on	TPMS	have	shown	superior	oxygen	
transfer	 properties	 in	 artificial	 lungs.	 Their	 winding	 ge-
ometry	enables	disruption	of	the	laminar	boundary	layer	
by	mixing.	However,	while	many	approaches	to	enhance	
gas	transfer	have	been	widely	investigated	in	the	past,	they	
typically	come	at	the	expense	of	additional	blood	trauma.	
The	results	of	 this	study	suggest	 that	 the	 increase	 in	he-
molysis	of	TPMS	shaped	membranes	compared	to	current	
hollow	fiber	design	is	small.	Therefore,	TPMS	membranes	
offer	 a	 safe,	 passive	 way	 to	 enhance	 oxygen	 transfer	 in	
artificial	 lungs.	A	 subsequent	 reduction	of	 the	exchange	
area	may	even	lower	the	risk	of	inflammatory	reactions	or	
blood	trauma	other	than	hemolysis.	By	clearing	the	doubts	
about	potential	lack	of	hemocompatibility,	this	work	sup-
ports	the	opinion	that	TPMS	shaped	membranes	have	the	
potential	as	new	core	technology	for	artificial	lungs.
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