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Abstract	
	
The	purpose	of	this	proposal	is	to	elaborate	a	plausible	approach	to	developing	technology	that	aims	to	
minimize	the	unfavorable	shortcomings	of	traditional	wound	treatment.	Development	of	a	soft	suture	
for	sealing,	protecting	and	regenerating	native	human	tissue,	that	is	also	biologically	equivalent	to	
normal	skin,	is	therefore	of	the	utmost	importance	for	use	in	the	medical	field	as	a	replacement	for	
conventional	Band-Aid’s,	gauze	and	stitches,	but	also	as	a	suitable	standard	material	for	conducting	
research	on	biologically	equivalent	materials	instead	of	actual	skin.		
	
The	following	topics	will	be	discussed	to	sufficiently	establish	foundational	knowledge	regarding	soft,	
regenerative	tissues:	tissue	engineering	and	fundamental	beliefs	of	the	biomedical	engineering	field;	
relevant	material	features	of	regenerative	composites;	fabrication	methods	for	achieving	certain	
structures	as	well	as	their	benefits	and	limitations;	and	finally	promising	areas	of	industry	and	product	
development	that	could	utilize	this	technology	in	the	future.		
	
By	creating	a	material	that	consolidates	all	the	necessary	healing	architecture	and	chemical	components	
used	by	the	body	throughout	the	entire	healing	process,	the	effective	mental	and	physical	burdens	on	
an	injured	patient	can	be	mitigated	to	better	focus	on	the	truly	important	matter	of	improving	and	
maintaining	overall	human	health.	
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Introduction	and	Background	
	

The	Basics	of	3D	Printing	
	
In	the	last	five	years	has,	the	rapid	influx	of	popularity	and	industry	attention	surrounding	additive	
manufacturing,	better	known	as	3D	printing,	has	given	rise	to	many	new	technologies	in	a	diverse	array	
of	applications.	Applications	of	3D	printing	have	diversified	drastically	from	the	early,	niche	engineering	
prototypes	that	initially	drove	its	conception.	Many	industries	and	research	fields	have	begun	to	utilize	
additive	manufacturing	technologies,	capitalizing	on	the	unique	capabilities	offered	in	the	process.	
Ranging	from	consumer	level	entertainment,	iterations	of	mechanical	engineering	prototypes,	
illustrating	marketing	concepts	to	unique	art	projects,	culinary	designs	and	even	scaling	up	to	3D	printed	
housing	to	provide	prompt	shelter	in	disaster	relief	scenarios.	As	more	people	are	using	3D	printing	to	
bring	their	visions	to	life,	the	diversity	of	applications	is	increasing	exponentially.	The	figure	below	shows	
hiring	trends	examined	on	job	board	(Indeed.com),	over	the	last	four	years,	relative	to	jobs	posted	that	
required	3D	printing	expertise	[1].		

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	

	
“The	number	of	job	ads	requiring	workers	with	3D	printing	skills	increased	1,834%	in	4	years	and	103%	

when	comparing	August	2014	to	August	2013.”	
-Forbes		

	
The	primary	methodology	driving	3D	printing	technology	is	the	concept	that	any	physical	object	
may	be	resolved	into	discrete	layers	that	can	be	stacked,	one	atop	the	next,	to	construct	the	
object	from	the	ground	up.	In	many	applications	this	process	can	be	slow	but	offers	several	
distinct	advantages.	Foremost,	the	printing	process	is	autonomous,	once	the	printing	has	begun	
the	user	may	simply	return	to	remove	the	completed	part.	The	result	is	that	the	designer	can	
save	more	time,	the	only	resource	one	cannot	purchase	or	build	more	of.	This	means	that	
engineers,	artists,	designers	and	even	creative	individuals	at	home	can	generate	physical	
versions	of	concepts	normally	confined	to	the	digital	realm	or	one’s	imagination.	This	has	

Figure 1: Jobs Requiring 3D Printing Experience from 2010-2014 
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inspired	a	new	wave	of	creative	insights	relative	to	the	ease	of	access	to	the	tangible,	final	
product.		
	
Furthermore,	additive	manufacturing	supersedes	many	of	the	constraints	of	conventional	
manufacturing	processes.	By	eliminating	the	costs	affiliated	with	tooling	for	large	scale	
productions	and	lead-time	associated	with	contract	manufacturing,	users	can	create	inexpensive	
prototypes	in	hours	which	previously	may	have	taken	weeks	or	months.	This	allows	one	to	gain	
design	insights,	prevent	future	errors	and	iterate	through	product	revisions	much	more	quickly	
and	at	minimum	cost.	
	
3D	printing	also	offers	several,	completely	unique	benefits.	The	layer-by-layer	printing	process	
allows	for	the	integration	of	microstructures	and	internal	features	directly	into	a	printed	part.	
Each	discrete	layer	is	represented	as	a	2D	path	at	a	specific	height	and	stacked	from	the	ground	
up.	This	means	that	one	has	increased	freedom	to	design	sub	features	into	the	geometry	and	
build	them	from	the	inside-out.	Show	below	are	examples	of	how	internal	features	and	
microstructures	are	implemented	into	3D	printed	parts.	Furthermore,	the	use	of	multiple	
extrusion	nozzles	allows	one	to	utilize	heterogeneous	materials	into	a	printed	part,	such	as	
dissolvable	support	material	to	create	assemblies	of	dynamic	mechanics	or	changing	materials	
to	influence	the	strength	or	Young’s	Modulus	of	a	part	at	different	locations	during	the	printing	
process	[2].	
	

While	the	diverse	applications	of	additive	manufacturing	are	continually	expanding,	there	is	an	
even	bigger	research	effort	to	expand	the	types	of	materials	that	can	be	utilized.	Various	3D	
printers	can	print	in	a	wide	array	of	thermoplastics,	metals,	composites,	and	organic	materials.	
The	current	push	to	expand	the	materials	is	driven	by	the	desire	to	capitalize	on	the	advantages	
of	3D	printing	in	applications	that	require	mechanical	and	chemical	properties	that	are	material-
specific.	 	

Figure 2: Detailed Microstructures Printed Titanium Using 
Electron Beam Melting 

Figure 3: Heterogeneous Materials in Different Formations 
Influence Response Under, Courtesy of Dr. Stephen Rudykh 
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Biomedical	Applications	of	3D	Printing	
	
In	recent	years	additive	manufacturing	technologies	have	made	drastic	impacts	in	various	biomedical	
industries.	Due	the	innate	ability	to	create	complex	and	amorphous	geometries	on	a	low-volume,	or	
often	singular,	production	scale,	3D	printing	lends	itself	very	well	to	biomedical	applications.	Three	
dimensional,	anatomical	models	can	be	produced	from	a	patient’s	CT	or	MRI	imaging	data	and	then	
used	to	inform	the	virtual	surgical	process.	Surgical	devices,	such	as	orthopedic	implants	and	surgical	
stints	(for	controlled	recovery),	can	be	printed	in	various	types	of	plastics	or	metals.	3D	printing	allows	
for	the	complex	geometry	of	human	features	to	be	exactly	mimicked	on	the	scale	of	microns.	
	
The	resulting	surgical	devices	are	completely	unique	and	custom	made	per	patient	based	on	the	desired	
surgical	outcome	and	individual	anatomy.	By	3D	printing	implants	that	are	designed	to	fit	each	patient,	
the	surgeries	become	more	reliable	and	less	invasive.	This	has	led	to	an	increase	successful	surgeries,	
decreased	surgical	complications	and	reduced	recovery	time.	Thus	3D	printed	surgical	devices	help	to	
make	patients	healthier,	more	quickly	and	more	safely	[3].	

Figure 3: Custom Implants Created with Additive Manufacturing, courtesy of 3DSystems 
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The	Need	for	Tissue	Engineering	
	
Despite	the	key	advantages	offered	in	contemporary	3D	printing	processes	for	biomedical	applications,	
there	are	several	distinct	limitations.	The	current	materials	available	for	use	in	surgical/biomedical	
applications	are	exclusively	synthetic	and	mechanical	in	their	function.	They	can	mimic	hard	tissues	such	
as	bone,	cartilage	or	teeth,	which	only	represent	a	small	portion	of	the	body’s	composition.	Like	most	
current	surgical	devices,	the	goal	is	to	limit	the	interaction	between	the	material	of	the	implant	and	the	
native	tissue.	The	ideal	outcome	is	that	the	body	merely	tolerates	the	presence	of	the	foreign	material,	
it	will	never	become	fully	integrated	into	the	native	biological	systems.		
	
The	demand	for	biocompatible	replacements	for	human	tissues	has	led	to	the	conception	of	tissue	
engineering.	Tissue	engineering	is	defined	as:		
	

“The	practice	of	combining	scaffolds,	cells,	and	biologically	active	molecules	into	
functional	tissues…	[with	the	main	goal	being]	...	to	assemble	functional	constructs	that	

restore,	maintain,	or	improve	damaged	tissues.”		
-National	Institute	of	Biomedical	Imaging	and	Bioengineering	[4]	

	
This	definition	offers	a	simplified	overview	and	objective	of	tissue	engineering.	In	order	to	further	define	
the	goals	of	tissue	engineering	it	is	helpful	to	offer	several	more	fundamental	parameters	defining	
biocompatibility.	A	viable,	biocompatible	material	must	reflect	the	following	characteristics:	
	

• 	Integration	with	native	anatomical	systems	
	

• Controlled	environmental	interactions	with	host	material	
	

• Material	properties	equivalent	to	natural	tissues	
	

• Beneficial	or	reparative	end	effect	to	the	patient	
	

Bioprinting	of	the	Extra	Cellular	Matrix	
	
In	order	to	mimic	the	structure	of	the	native	tissues,	cellular	scaffolds	may	be	constructed	through	
various	methods	to	increase	the	cellular	differentiation	and	viability	of	the	integration	with	the	host	
tissues.	Cellular	behavior	is	directly	influenced	by	the	physical	and	chemical	signals	from	the	surrounding	
environment.	Cellular	interaction,	in	terms	of	mitosis,	migration,	adhesion	and	gene	expression,	has	
been	observed	to	vary	greatly	between	2D	and	3D	cellular	networks.	3D	networks	are	capable	of	specific	
properties	that	are	crucial	to	simulate	the	properties	of	the	native	tissue.		
	
Bioink	hydrogels	and	3D	templated	hydrogel	scaffolds	have	been	found	to	be	viable	scaffolds	in	an	extra	
cellular	matrix,	mimicking	the	host’s	native	tissues.	Hydrogels	are	hydrophilic	polymer	networks,	capable	
of	absorbing	thousands	of	times	their	dry	weight	in	water.	They	are	categorized	as	reversible/physical	
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when	networks	are	held	together	by	molecular	
entanglements	or	secondary	forces	(ionic,	H-bonding	or	
hydrophobic	(polar)	forces)	or	permanent/chemical	
when	the	polymers	are	covalently	cross	linked.	By	
creating	networks	of	natural	or	synthetic	polymers	and	
controlling	the	type	of	bonding,	hydrogels	may	be	
chemically	stable	or	designed	to	degrade	over	time.	The	
ability	to	create	a	hydrogel	from	biocompatible	
constituents	that	can	degrade	over	a	predetermined	
period	of	time	offers	immense	benefits	to	the	advancing	
field	of	tissue	engineering.		
	

Bioink	Hydrogels	
	
Recently	bioinks	have	emerged	as	a	viable	method	of	
bioprinting	structured,	reliable	cellular	networks	in	vitro.	
Bioinks	consist	of	cells	suspended	in	a	polymer	network	
(e.g.	gelatin	or	fibrinogen)	as	a	substrate	which	can	be	
printed	onto	a	surface	via	mechanical	extrusion	[5].	The	
bioink	solution	is	then	combined	with	a	cross	linking	
element	(e.g.	PEGX)	and	gelled	via	photo-activation	or	
thermal-activation.	The	result	is	a	hydrogel	that	
physically	captures	the	cells	in	a	matrix,	leaving	the	cells	
intact	and	viable.	Bioink	hydrogels	maintain	cell	viability	
and	can	be	tailored	to	achieve	specific	material	
properties	and	scaffold	dimensions.		
	
The	mass	ratio	of	the	bioink	(polymer)	to	the	cross	
linking	element	determines	the	cross	link	density	in	the	
hydrogel.	This	allows	certain	bulk,	mechanical	properties	
such	as	Young’s	Modulus	to	be	directly	controlled	during	
the	process.	However,	increasing	the	elastic	modulus	is	
only	viable	within	a	certain	threshold,	as	the	more	robust	
hydrogels	are	less	easily	extruded	through	the	nozzles	
during	the	printing	process.	
	
A	secondary	cross	linking	agent	(e.g.	N-IJ3-dimethylaminopropyl)-	Nʹ-ethylcarbodiimide	(EDC)	and	N-
hydroxysuccinimide	(NHS))	may	be	introduced	after	printing	to	increase	the	crosslinking	between	the	
polymers	in	the	hydrogel.	This	allows	even	more	robust	hydrogels,	increasing	scale	of	the	Young’s	
Moduli	from	the	Pa	to	kPa.	This	also	affects	the	rate	at	which	the	hydrogel	will	degrade	and	forfeit	its	
structural	integrity.	A	lightly	cross	linked	bioink-hydrogel	will	likely	degrade	in	less	than	two	days.	The	
addition	of	a	secondary	cross	linking	operation	can	extend	the	degradation	time	up	to	4	weeks	[5].		

Figure 5: Structures of Chemical and Physical Hydrogels  

Figure 4: Step-by-Step Process of Bioprinting 
Hydrogels using Bioinks 
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Templated	Hydrogels	
	 	
Hydrogel	templates	and	constructs	are	ideal	for	3D	scaffolding	in	cellular	applications.		They	offer	
geometric	control	of	the	microenvironment	that	dictates	cellular	storage,	actuation,	culture	and	cell-to-
cell	interactions.	The	process	of	constructing	templated	hydrogels	is	very	similar	to	that	of	bioink	
hydrogels	with	several	distinct	advantages.		
	
The	hydrogels	are	initially	liquids	and	may	be	cast	into	templates	without	the	need	for	mechanical	
extrusion.	The	polymers,	natural	or	synthetic,	may	be	cross	linked	after	casting	via	thermal-activation	of	
photo-activation.	The	casting	and	cross	linking	process	may	be	done	in	sequenced	layers,	similar	to	the	
printing	of	bioinks,	or	as	a	single,	bulk	hydrogel	in	the	template.	This	allows	for	very	precise	hydrogel	
constructs	on	the	order	of	microns.	Furthermore,	the	amount	of	water	that	can	be	stored	in	a	hydrogel	
is	directly	influenced	by	the	extent	of	chemical	cross	linking	[6].	The	water	initially	absorbed	in	a	
hydrogel	is	categorized	as	primary	“bound”	water,	forming	the	most	hydrophilic	polar	groups.	Any	
additional	water	that	is	absorbed	is	called	“free”	or	“bulk”	water	and	fills	the	space	between	the	
polymer	chains.	The	character	of	the	water	in	a	hydrogel	can	determine	the	overall	cellular	interactions	
such	as	permeation	of	nutrients	into	the	gel	and	waste	product	out	of	the	gel.	The	volume	fraction	of	
the	water	and	the	ratio	of	free	vs.	bound	water	directly	influences	the	overall	absorption	and	diffusion	
of	solutes	throughout	the	hydrogel.	This	allows	one	to	optimize	the	interactions	within	the	hydrogel	to	
reflect	those	of	the	native	tissues.	Furthermore,	hydrogel	scaffolds	may	easily	incorporate	cell	
membrane	receptor	peptide	ligands.	The	addition	of	the	peptides	stimulates	cellular	adhesion	to	the	
host	tissues	as	well	as	the	proliferation	and	growth	of	cells	within	the	hydrogel	matrix.	
	
Templated	hydrogels	also	offer	unique	advantages	in	promoting	vascularization	from	the	native	cells.	
Hydrogel	templates	can	constrict	cells	in	tubular	environments	which	have	demonstrated	the	ability	to	
replicate	blood	vessels.	To	promote	vascularization,	hydrogels	can	be	templated	around	networks	of	
synthetic	or	natural	fibers,	which	allow	for	the	formation	of	micro-channels	(50-200	um	in	diameter)	in	
the	gel	after	cross	linking	the	polymers	[7].	The	hydrogel	does	not	adhere	to	the	fibers	and	which	may	
be	removed	by	applying	a	mild	vacuum.	The	remaining	micro-channels	in	the	hydrogel	scaffold	serve	to	
promote	vascularization	from	the	native	tissue	by	mimicking	the	dimensions	of	blood	vessels.	The	
effects	of	such	micro-channels	in	hydrogels	have	been	found	to	increase	cellular	viability	and	promote	
vascularization.	
	
“Cells	embedded	in	the	GelMA	gel	perfused	with	micro-channels	were	analyzed	with	a	live/dead	assay	
and	had	~90%	viability	compared	to	only	60%	cell	viability	using	the	block	hydrogel	after	7	days	of	cell	
culture…Cells	were	able	to	form	confluent	endothelial	monolayers	within	all	three	channel	dimensions	
after	7	days	of	culture	confirming	the	constructs	remained	perfusable	and	capable	of	vascularization.”	

-Bioprinting	of	3D	hydrogels	M.	M.	Stanton,	J.	Samitierbcd	and	S.	Sánchez	

Figure 7: Hydrogels of Varying Young’s Moduli. Lowest 
Modulus to Highest, left to right, respectively	

Figure 8: Hydrogels Degrading Over Time 
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Pertinent	Technological	Challenges	
	
Before	design	or	fabrication	of	a	regenerative	tissue	material,	there	exists	a	crucial	obstacles	associated	
with	functionality	that	first	must	be	considered	and	approached	thoughtfully	in	order	to	mitigate	any	
unwanted	and	unforeseen	consequences.	Generally,	these	unresolved	issues	include:	internal	composite	
architectures	of	the	material,	time	dependence	of	bulk	mechanical	properties,	limiting	the	severity	of	
the	healing	and	regeneration	process	and	finally	ensuring	that	the	material,	regardless	of	time	since	
implementation,	acts	as	a	suitable	analog	of	the	surrounding	natural	tissue.	It	has	been	shown	by	
various	experimental	research	groups	that	fabrication	methods	and	technologies	exist	to	alleviate	these	
unfavorable	material	hindrances.	However,	if	the	proposed	soft	regenerative	tissue	suture	of	this	article	
or	any	other	similar	reconstructive,	regenerative	biomedical	material	is	to	be	made	adequately	for	
industry	and	commercial	usage,	all	of	the	above	mentioned	limiting	factors	need	to	be	addressed	
cooperatively	to	better	understand	the	influence	one	remedying	process	may	have	on	worsening	the	
state	of	another	issue.	In	the	following	subsections,	each	significant	issue	will	be	addressed	in	further	
detail,	current	technological	findings	that	circumvent	said	issues	will	be	summarized,	and	finally	benefits	
and	shortcomings	of	each	will	be	discussed	as	it	pertains	to	the	overlying	proposal	for	developing	a	
composite	soft	tissue	suture.	
	

Vascularization	of	ECM	
	
Firstly,	the	necessity	for	an	interconnected	network	of	hollow	channels	within	the	composite	matrix	is	
critical	for	fundamental	processes	regarding	cellular	activity.	Cells	rely	on	connected	transportation	
structures	for	maintaining	important	mass	transfer	processes	such	as	oxygen	diffusion,	nutrient	delivery	
and	byproduct	waste	evacuation.	One	suitable	fabrication	method	for	achieving	microfluidic	channels	in	
a	composite	biomaterial	involves	the	layer	by	layer	assembly	of	a	3D,	semi-permeable	cross	oriented	
scaffold.	In	between	printed	layers	and	after	the	channels	have	been	formed,	an	auxiliary	nozzle	can	be	
used	for	deposition	of	cellular	spheroids	[8].		
	

	
Figure	5:	Depiction	of	Fabrication	Method	for	Acheiving	Micro	Fluidic	Channels	
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Figure	6:	Printed	cellular	microfluidic	channels:	(A)	Oxygenized	cell	perfusion,	(B)	Media	flow	with	air	bubbles,	(C,	D)	Laser	

confocal	images	for	live/dead	staining	(E)	Printed	channels	in	a	hydrogel	

This	fabrication	process	allows	for	precise,	digitally	controlled	assembly	of	multiple	constituent	
components	within	a	bulk	structure.	The	deposited,	embedded	bodies	can	include	growth	factors,	gene	
promoters,	analgesics	or	antibacterial	substances	which	all	contribute	to	improving	the	nominal	healing	
process.	It	should	be	noted	though	as	mentioned	in	the	resource	literature,	this	process	would	involve	
the	use	of	a	bioreactor	post-fabrication	in	order	to	have	oxygen	permeate	into	the	material	and	initiate	
proper	cellular	maturation.	With	this	secondary	step,	there	is	the	distinct	possibility	for	disruptions	to	
the	material	by	either	mechanical	or	bacterial	influences.	Transporting	of	the	material	to	and	from	the	
bioreactor	has	to	be	performed	with	extreme	care	to	ensure	vibrations	do	not	compromise	the	ordered	
geometrical	orientations	of	the	printed	laminae.	Similarly,	while	the	material	is	outside	of	the	
bioreactor,	it	is	susceptible	to	infiltration	from	any	pathogens	within	the	ambient	air,	thus	printing	and	
culturing	of	the	film	would	need	to	be	conducted	in	a	sterile,	stringently	controlled	environment,	which	
may	be	costly	in	terms	time	demands	and	quality	assurance.	
	
Another	potential	solution	to	the	problem	of	vascularization	was	explored	within	in	which	
biodegradable	vascular	grafts	were	fabricated	then	later	implanted	and	monitored	in	mouse	venous	
systems	[9].		
	

	
Figure	7:	Depiction	of	graft	procedure	from	Source	[2]	



 13 

Fabricated	channels	achieved	diameters	of	~1	mm,	wall	thicknesses	of	150	µm	and	were	made	from	Poly	
Propylene	Fumarate	(PPF),	a	biodegradable	and	biocompatible	polyester	with	the	ability	to	be	
crosslinked	via	photo-initiators.	Due	to	its	favorable	interaction	with	light	stimuli,	PPF	is	a	prime	
candidate	for	regenerative	tissue	engineering	thanks	to	its	ability	to	be	assembled	via	Digital	Light	
Stereolithography	(DLP).	Results	from	mouse	test	trials	displayed	how	the	fabricated	grafts	achieve	
adequate	flow	properties	as	well	as	maintained	sufficient	mechanical	properties	throughout	a	six	month	
testing	period.	
	

		
Figure	8:	(a-f)	6-Month	graft	material	progression,	(a,b)	Time	of	implantation,	(c,d)	3	Months	after	implantation,		

(e,f)	6	Months	after	implantation	

Biodegradable	vascular	grafts	can	be	fabricated	that	emulate	the	physical	dimensions	of	natural	human	
veins	quite	well,	however	conflicts	still	exists	in	that	miniscule	tubular	structures	such	as	those	found	in	
capillary	beds	are	too	small	to	be	fabricated	precisely.	Further,	this	process	requires	invasive	surgery	
involving	removal	of	damaged,	vascular	structures,	securement	of	the	implanted	graft,	and	finally	
sealing	of	the	surgical	incision.	The	idea	surrounding	this	technology	is	highly	favorable,	but	the	current	
scaling	limitations	of	achievable	tube	structures	are	what	halt	this	method	from	being	readily	applied	in	
tissue	engineering	applications.	
	
Similar	to	the	previously	described	method,	another	promising	novel	approach	for	construction	of	
designed	vascular	configurations	[10].	Unfortunately,	it	would	most	likely	share	the	same	drawback	of	
necessitating	conventional	surgical	implantation.	An	interesting	method	known	as	Vaporization	of	
Sacrificial	Components	(VaSC)	is	utilized	to	achieve	interconnected	canals	within	a	bulk	medium.	As	the	
name	implies,	thermal	cavitation	of	embedded	constituents	leaves	behind	hollowed	connected	
channels.	
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Figure	9:	(a)	Sacrificial	microspheres,	(b)	Porous	architectures	based	on	20,	40	and	60%	weight	concentrations	of	microspheres,	

(c)	Micro	CT	image	of	epoxy	after	VaSC	

In	this	case,	the	sacrificial	material	used	was	Poly	Lactic	Acid	(PLA),	which	is	a	biodegradable	
thermoplastic,	which	was	fabricated	in	small	fibers	to	be	later	vaporized	out	of	the	medium.	Heating	to	
approximately	200	C	within	a	surrounding	thermoset	composite	resulted	in	microchannels	with	inner	
diameters	around	23	µm	with	axial	lengths	on	the	millimeter	scale.	Further	experimentation	showed	
that	two	levels	of	bifurcating	channels	in	a	planar	design	could	be	printed	that	separate	upstream	and	
then	later	reconnects	downstream.	It	was	observed	that	the	channels	exhibited	adequate	pressure	and	
volumetric	flow	characteristics	that	fall	nicely	between	the	upper	and	lower	bounds	predicted	by	
theoretical	CFD	models.		
	

	
Figure	10:	(a)	Flow	rate	vs.	Pressure	of	bifurcated	channels,	(b)	Flow	visualization	of	pressure	gradient,		

(c)	Pressure	gradient	over	entire	fabricated	structure	
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Overall	VaSC	poses	great	potential	to	solving	the	issue	of	achieving	vascular	architecture	within	
regenerative	tissues.	The	ability	to	design	vascular	networks	via	controlling	sacrificial	component	
deposition	position,	adequate	achievable	fluid	dynamics	of	tubular	structures	and	desirable	
morphologies	allowing	for	self-healing	additives	and	homogeneous	porosity	are	highly	prized	achievable	
features	that	suit	the	demands	of	regenerative	tissues.	A	few	pertinent	restricting	caveats	must	be	
understood	though	regarding	this	technology.	This	method	creates	evacuated	spaces	within	a	
composite,	which	is	unlike	natural	venous	systems	which	have	thin	membranes	separating	vessel	
lumens	from	surrounding	connective	tissue.	The	applicability	of	fabricated	networks	from	this	method	
would	therefore	be	contingent	upon	the	ability	to	mimic	the	semi	permeability	of	arteries	and	veins	as	
well	as	achieving	precise	small	scale	dimensions.	As	a	final	thought,	VaSC	would	also	need	to	be	suitable	
for	use	with	a	completely	organic	composite;	instead	of	using	a	thermoset	polymer,	it	would	have	to	be	
feasible	for	use	with	soft	mixtures	such	as	hydrogels	whilst	also	not	causing	any	detrimental	effects	from	
the	applied	heat	to	the	bulk	material	during	the	sacrificial	vaporization	phase.	
	

Composite	Material	Property	Control	
 
Not	only	should	a	regenerative	material	have	vascular	structures,	but	it	must	also	have	bulk	material	
behaviors	that	emulate	those	of	the	tissue	it	will	replace.	Since	the	soft	regenerative	suture	is	intended	
for	mild	to	superficial	wounds,	the	material	does	not	have	to	display	significant	strengths	such	as	
replacement	bone	tissue	would.	Yet	it	is	important	to	incorporate	biologically	compatible	scaffolding	
that	provides	an	adequate	spatial	template	for	perfusion,	maturation	and	interfacing	of	regenerated	
tissue	cells	into	the	healing	layer.	A	biological	protein	derived	from	spiders	and	other	insects	has	been	
used	in	the	process	of	Cold-Plate	Electrospinning	(CPE)	to	generate	fully	arranged,	bulk	configurations	
[11].	Sample	volumes	of	the	fabricated	material	were	then	tested	for	the	viability	in	cellular	infiltration	
into	the	deeper	regions	of	the	material	and	how	well	cells	survived	in	the	medium.		

	
Figure	11:	(a)	Diagram	of	CPE	setup,	(b)	Crystallization	process	of	fibroin	fibers,	(c)	Comaprison	of	TE,	SLE	and	CPE	fabrication	

techniques,	(d)	Examples	of	CPE	fabricated	objects,	(e)	Comapsion	of	TE,	SLE	and	CPE	diagnostics	
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Figure	12:	(a)	Schematic	of	co-cultured	composite	with	fibroblasts	and	keratinocytes,	(b-e)	Cellular	staining	showing	cellular	

proliferation,	(b,c)	Staining	at	7	weeks,	(d,e)	Staining	at	8	weeks	

Cellular	infiltration	was	assessed	using	confocal	fluorescent	microscopy	to	approximate	relative	color	
densities	within	samples	to	gauge	the	propensity	for	cellular	movement	[11].	Then	by	utilizing	
immunohistochemical	stains	at	intervals	of	six,	seven	and	eight	weeks,	it	was	shown	clearly	how	
fibroblasts	and	keratinocytes	in	the	material	not	only	were	able	to	embed	themselves	sufficiently	within	
the	scaffold,	but	more	so	they	were	able	to	mature	and	begin	regular	cellular	formation	and	function.	
The	fact	that	CPE	can	produce	fully	developed	structures	up	to	10	mm	thick	on	flat	as	well	as	curved	
surfaces	garners	much	respect	and	warrants	further	investigation	into	exploring	the	possibility	of	
devising	standard	materials	and	methods	for	minor	reconstructive	skin	applications.	
	
Similar	to	the	studies	mentioned	above,	the	work	of	Tamer	Ahmed	[12],	explores	scaffold	construction	
using	the	common	human,	biological	protein,	fibrin.	Associated	with	thrombin,	fibrin	is	used	in	the	
human	body	for	helping	in	the	formation	of	blood	clots	to	stop	bleeding.	Within	the	study,	three	forms	
of	fibrin	were	investigated	for	their	properties	and	possible	areas	of	application.	Firstly,	fibrin	hydrogel	
was	created	as	a	sort	of	wound	filler,	allowing	for	either	printed	or	magnetically	guided	arrangement.	
These	types	of	hydrogels	are	favorable	materials	for	filling	of	small	wounds	that	had	the	native	soft,	
surrounding	tissue	removed.	Next,	fibrin	glue	was	created	and	unlike	the	gel	form,	this	slurry	lacks	a	true	
defined	shape	and	thus	is	better	suited	for	tissue	bonding	and	accommodated	healing.	Applicable	for	
damage	that	needs	gentle	joining	of	separate	connections,	fibrin	glue	primarily	would	then	only	
experience	viscous	shearing	and	tensile	forces	at	the	interface	where	it	is	applied	between	surfaces.	
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Figure	13:	Interpretation	of	what	the	composition	of	fibrin	glue	may	resemble	

Lastly,	fibrin	microbeads	were	produced	for	the	purpose	of	acting	as	cellular	growth	initiators;	small	
objects	on	which	cells	can	anchor	themselves	and	further	promote	maturation	and	growth.	From	this	
particular	source	it	is	strongly	conjectured	that	due	to	the	versatility	of	fibrin	to	be	arranged	in	differing	
manners,	the	applicability	in	tissue	engineering	ranging	from	skin,	cardiac,	bone	and	even	ocular,	is	quite	
substantial	and	overall	presents	a	promising	new	area	of	research	to	focus	on	in	hopes	of	creating	
improved	future	medical	treatment	procedures.	
	
The	work	conducted	by	both	of	the	two	previous	sources	and	their	respective	research	groups,	
displayed	novel	means	of	using	biological	scaffolding	to	achieve	mechanically	adequate	template	
structures,	however	despite	the	initial	appeal	of	these	findings,	neither	study	generated	a	
heterogeneously	constructed	composite.	Both	of	these	resources	accomplished	homogenous	
architectures	that	displayed	only	properties	of	that	single	constituent	component,	however	in	natural	
human	tissue	many	different	interfacing	layers	are	all	intimately	coupled,	thus	producing	variable	
mechanical	properties	of	a	bulk	material	dependent	on	position	within	the	composite.	This	presented	
appealing	results	on	achieving	varying	mechanical	properties	within	a	composite	material	based	upon	
Integrated	Organ	Printing	(IPO)	[13].	Use	of	multiple	constituent	materials	in	the	layer	deposition	
process	permits	regulated	concentrations	of	materials	deposited	in	precise	locations.	The	end	result	is	
bulk	composite	regions	within	the	printed	object	are	able	to	display	the	dominant	material	properties	of	
the	most	abundant	compound.	
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Figure	14:	(a-c)	Fluorescent	dual	regions	of	composite	construct,	(a)	After	1	day,	(b)	3D	interface	region,	(c)	After	7	days,	(d-g)	

Immunoflourescnece	of	printed	composite	after	7	days	

	

	
Figure	15:	(a)	Live/Dead	cell	viability	for	differing	material	regions	at	different	times,		

(b)	Cellular	Viability	vs.	Material	Region	at	different	times	

The	goal	was	to	fabricate	a	composite	muscle-tendon	unit	that	would	exhibit	the	greatest	stiffness	in	the	
tendon	region	(PCL,	poly(ε-caprolactone)),	the	greatest	elasticity	near	the	muscle	zone	(PU,	
polyurethane),	and	finally	intermediate,	mixed	properties	between	the	two	distinct	boundary	regions.	
Experimental	results	concluded	a	composite	material	could	be	fabricated	with	distinctly	different	
regions,	which	ultimately	display	varying	elastic	moduli	spanning	approximately	0.5	to	47	MPa.	An	
incredible	discovery,	these	findings	give	hope	to	tissue	engineering	in	achieving	regenerative	tissues	that	
can	be	customized	for	exact	anatomical	application	sites.	Although	the	materials	used	were	polymers	
and	cell-laden	hydrogels,	the	process	would	have	to	be	proven	to	work	for	other	stock	assembly	
materials,	including	things	such	as	collagen,	fibroin,	keratinocytes	and	so	forth.	But	overall	achievement	
of	greater	than	80%	cell	viability	in	the	material	after	a	week’s	time	along	with	promotion	of	cell	
differentiation	is	a	substantial	marker	of	success	towards	solving	the	problem	of	complex	mechanical	
property	emulation	in	living	tissue	for	applied	regenerative	substances.	
	

Minimizing	Native	System	Immune	Response	
	
Unavoidable	in	any	medical	procedure	which	necessitates	modification	to	the	body	in	some	form	or	
another,	is	a	resulting	response	from	the	innate,	human	immune	system.	Typical	responses	included	
processes	that	although	help	the	body,	encompass	additional	minimal	issues.	Swelling,	inflammation,	
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scab	formation,	pus	secretion	and	other	typical	processes	should	be	familiar	with	anyone	who	has	
experienced	a	minor	to	mild	superficial	wound	to	the	skin.	Therefore,	if	possible	to	limit	the	time	of	
experience	or	the	degree	of	severity	of	the	healing	response.	Thus	a	patient’s	overall	well-being	can	be	
improved	upon	during	recovery	from	the	initial	sustained	damage.	It	has	also	investigated	how	the	
effects	of	embedding	peptides	within	the	bulk	scaffolding	architecture	for	improving	the	regular	healing	
cycle	[12].	Analyses	from	experimental	samples	concluded	that	use	of	peptides	compared	to	without,	
resulted	in	facilitated	anchoring	of	the	cells	to	the	surrounding	scaffold	matrix,	increased	perfusion	of	
the	cells	deeper	into	the	scaffolding,	and	enhanced	interaction	between	neighboring	cells.	
	
Slightly	different,	yet	still	applicable	is	the	use	of	Decellularized	Adipose	Tissue	(DAT)	along	with	Human	
Adipose	Tissue	Derived	Mesenchymal	Cells	(hASCs)	are	harvested	and	later	used	as	template	
components	within	a	fabricated	reconstructive	tissue	[12].	The	main	take	away	of	the	literature	is	in	
order	to	achieve	assimilation	of	regenerative	materials	by	native	tissue,	then	it	is	critical	to	determine	
suitable	materials	that	are	as	near	as	possible	to	actual	biological	substances,	if	not	actually	derived	
from	existing	bio-matter.	
	

	
Figure	16:	Schematic	elucidating	preparation	of	decellularized	adipose	tissue	(DAT)	bioink	and	printing	of	dome-shaped	adipose	

tissue	constructs	and	their	in	vitro	and	in	vivo	evaluation	

Inspections	of	samples	from	the	experiments	uncovered	that	two	weeks	after	implantation,	the	material	
showed	signs	of	angiogenesis,	macrophages	present	in	the	area	signified	dynamic	remodeling	of	the	
surroundings,	and	finally	at	four	weeks	noticeably	less	cellular	inflammatory	infiltration	was	observed.	
Simply	put,	the	more	a	material	resembles	natural	matter	within	the	human	body,	the	more	likely	the	
body	is	to	adapt	moderately	for	integration	and	is	less	likely	to	elicit	a	drastic	time-consuming	immune	
response.	
	

Integration	with	Native	Tissue	
	
Embedded	peptides	and	growth	factors	may	provide	beneficial	aid	to	the	natural	reparative	process,	
however	if	the	implanted	material	is	unable	to	establish	adequate	joining	or	adhesion	to	the	damaged	
tissue	then	the	extent	to	which	the	layer	can	help	is	limited	by	the	resistance	of	the	material	to	
mechanical	or	chemical	agitation.	The	various	forms	that	has	been	created	of	fibrin	(gel,	glue	and	
microbead)	each	aid	in	helping	adherence	of	one	biological	tissue	to	another	[12].	Hydrogels	are	
primarily	considered	for	filling	of	cavities	or	volumes	in	order	to	accomplish	proper	bulk	form	and	
morphology.	Glue	lends	its	usefulness	in	applications	needing	to	establish	secured	nexuses	between	
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surfaces	for	securement.	The	final	form	produced	was	microbeads	which	are	singular	features	that	act	
as	growth	sites	for	cells	and	other	materials	to	attach	to	and	proliferate	into	more	complex	
conformations.	Such	a	diverse	spectrum	of	possible	forms	for	fibrin	aids	in	selectively	designing	
regenerative	materials	based	upon	specific	wound	necessity	and	tissue	characteristics.	
	

	
Figure	17:	Pictorial	representation	of	facilitated	versus	natural	healing	

Aside	from	homogenous	securing	forms	of	fibrin	for	internal	support,	methods	utilizing	multiple	
substances	in	architectural	orientations	should	also	be	considered	for	creating	a	robust	external	support	
for	the	material.	Several,	unique	methods	have	been	developed	for	attaining	self-healing	properties	
within	materials	[13].	The	most	promising	and	simple	of	these	methods	involves	implementation	of	
small	fluid-filled	capsules	which	are	dispersed	within	an	assembled	surrounding	bulk	medium,	and	are	
inert	until	rupture	by	some	inflicted	mechanical	disturbance.	Once	ruptured,	the	contained	liquid	is	
allowed	to	wet	the	affected	surface	area,	interact	with	the	other	substances	in	the	vicinity	and	
subsequently	undergo	a	chemical	reaction	to	help	adhere,	strengthen,	and	repair	the	area	that	has	
sustained	damage.	Such	autonomous	healing	behavior	in	a	material	possess	potential	for	developing	
more	durable	materials,	that	could	withstand	small	abrasions,	minor	three-dimensional	strains,	and	
other	minimal	perturbations.	It	must	be	stated	that	this	zero-dimensional	form	of	repairing	structure	for	
materials	should	be	carefully	evaluated	for	efficiency	in	any	possible	application.	For	example,	since	the	
liquid	cavities	are	localized	in	somewhat	random	spatial	arrangements,	they	are	effective	for	only	a	
single	activation.	Thus	further	sustained	damage	will	most	likely	be	lessened	by	the	established	
protective	film,	but	disruptions	will	still	be	endured	by	deeper	bodies	that	may	in	turn	rupture	as	well.		
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Figure	18:	Representation	of	encapsulated	microbead,	self-healing	

The	other	two	methods	for	intrinsic	healing	of	a	substance	include	integrated	tubular	structures	filled	
with	multiple	fluids	that	act	like	an	epoxy	mixture	in	the	case	of	rupture,	as	well	as	careful	chemical	
component	doping	of	the	medium	to	have	very	small	scale	disturbances	be	corrected	based	upon	small	
scale	chemical	forces.	Both	have	their	own	distinct	advantages	and	shortcomings	which	make	them	
more	or	less	efficient	in	varying	application.	For	example,	tube	structures	provide	the	ability	to	have	
fluid	refilled	from	a	reservoir.	As	well	they	can	better	handle	three	dimensional	volume	losses	due	to	
defined	lattice-like	orientations,	yet	they	have	been	found	to	be	hard	to	difficult	especially	in	3D	
connecting	configurations.	Comparatively,	chemical	repair	mechanisms	are	limited	to	very	small	
disturbances	and	are	only	practical	for	chemicals	that	display	these	attractions	amongst	each	other	at	
very	small	distances.	The	limitations	of	both	the	tube	and	chemical	reliance	approaches	are	quite	
substantial	when	compared	to	the	seemingly	simple	capsule	method.	Thus	encapsulated	fluid	
microbeads	present	an	optimal	inherent	feature	for	achieving	improved	robustness	of	a	material	with	
less	cumbersome	fabrication	considerations	and	better	applicability	for	practical	length	scales.	 	
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Proposed	Technology/Research	
 
Minor	skin	injuries	and	traditional	methods	for	treating	wounds	served	as	the	inspiration	for	proposing	
the	development	and	research	of	a	soft	regenerative	suture.	Skin	damage	ranging	from	minor	cuts	and	
scrapes	to	non-life	threatening	burns,	in	some	way	or	form	usually	require	closure	of	the	wound	as	well	
as	cleaning	and	proper	shielding	from	any	sort	of	further	damage	and	unwanted	bacteria.	Despite	
current	effective	methods	for	treating	skin	wounds,	there	is	the	inescapable	fact	that	these	
contemporary	methods	are	invasive	and	ultimately	result	in	some	sort	of	harm	caused	to	the	patient’s	
body.	In	reality,	the	patient	sustains	trauma	not	only	from	the	injury	but	also	the	procedures	taken	to	
treat	the	injury	such	as	medical	incisions,	stitches,	cumbersome	bandaging,	and	hindered	anatomical	
motion.	Since	surgical	procedures	inherently	encompass	a	recovery	response,	the	idea	behind	achieving	
improved	health	treatments	should	be	focused	on	minimizing	the	total	mental	and	physical	burden	
endured	by	affected	individuals.	Thus	the	focus	of	this	particular	proposal	is	for	achieving	an	acceptable	
solution	to	these	fundamental	health	care	issues	by	developing	a	composite	soft	tissue	suture.	Key	
features	of	this	proposed	composite	material	include	the	following:	it	will	be	comparable	to	skin	in	
composition,	architecture	and	functionality;	it	allows	for	adjustable	bulk	mechanical	properties;	included	
internal	additives	function	to	encourage	cell	adhesion	and	proliferation;	and	finally	additional	self-
healing	material	components	will	be	utilized	to	give	the	composite	material	robustness.	The	proposed	
composite	can	be	understood	as	a	combination	of	three	distinct	sub-assembly	material	layers,	a	basal	
adhesive	coating,	voluminous	arranged	core	and	top	protective	laminae,	each	of	which	will	be	discussed	
in	more	depth	within	the	following	subsections.	
	

	
Figure	19:	SolidWorks	depictions	of	the	fully-assembled,	soft	regenerative	suture	
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Adhesive	Coating	

	
Figure	20:	Depiction	of	Adhesive	Coating	layer.	Blue	spheres	represent	embedded	peptides.	

The	most	basal	layer	of	the	proposed	material	is	a	biologically	derived	adhesive	slurry.	The	main	
constituent	components	that	are	within	the	adhesive	mixture	include	fibrin	which	is	a	common	protein	
found	within	the	human	body	involved	in	blood	clot	formation,	and	peptides	which	are	essentially	
amino	acid	chains	that	help	in	promoting	cellular	growth	and	adhesion.	A	secondary	constituent	
component	within	the	mixture	in	a	limited	concentration	would	be	heparin,	a	common	blood	thinning	
agent	used	in	order	to	delay	the	natural	blood	clotting	process	between	fibrin	and	thrombin.		
	
The	use	of	fibrin,	along	with	dispersed	cellular	growth	peptides,	within	a	biological	adhesive	stimulates	
improved	cellular	adhesion,	proliferation	and	general	growth	around	native	cells	[12].	Fibrin	glue	is	
composed	mostly	from	fibrinogen	a	glycoprotein,	which	can	be	thought	of	as	a	polypeptide	chain	with	
an	attached	carbohydrate	group.	Two	common	methods	used	for	rendering	this	glycoprotein	come	from	
the	extraction	and	filtration	of	blood	plasma.	The	first	method	for	rendering	fibrinogen	from	the	blood	is	
via	cryoprecipitation.	As	the	name	implies,	cryoprecipitation	involves	using	very	cold	temperatures	to	
isolate	and	separate	the	desired	components	within	blood	plasma.	Another	method	for	acquiring	
fibrinogen	involves	the	use	of	centrifugal	separation.	This	is	simply	a	process	using	high	rotational	
speeds	in	some	sort	of	device	that	allows	for	separation	of	the	constituent	components	within	a	liquid	
mixture,	based	upon	particle	size	and	relative	density.	Once	the	entire	adhesive	mixture	is	fully	prepared	
with	proper	amounts	of	fibrin,	peptides	and	heparin,	the	sticky	substance	can	be	applied	in	a	simple	
spray	coating	process.		
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Figure	21:	Fibrin	glue	spray	applicator	setup	

Depicted	in	the	figure	above,	one	can	see	that	the	application	method	simply	involves	a	compressed	air	
stream	used	to	evenly	disperse	a	stream	of	adhesive	glue	to	any	desired	surface.	The	premise	behind	
the	inclusion	of	this	adhesive	coating	layer	is	that	a	biologically	suitable	adhesive	substance	will	be	used	
for	achieving	proper	securement	of	the	implanted	composite	material	alongside	that	of	the	pre-existing	
native	tissue.		Use	of	a	biological	adhesive	with	embedded	factors	stimulates	natural	cellular	adhesion,	
functioning,	and	also	inhibits	the	natural	accumulation	of	thick	blood	clots	and	the	formation	of	scar	
tissue.	Therefore,	the	viscous,	bio-absorbable	nature	of	fibrin	glue	provides	the	optimal	solution	for	
achieving	substantial	interfacing	between	damaged	tissue	and	a	regenerative	material	without	the	need	
of	traditional	stitching	or	cauterizing	of	the	wound	area.	
	

Bulk	Network	

	
Figure	22:	Depiction	of	Scaffold/Vascular	Network	layer.		

Bottom,	adipose	bio	matter.	Top,	vascularized	bulk	hydrogel	

The	next	bulk	material	layer	within	the	soft	regenerative	suture	composite	is	the	biologic	scaffolding	and	
vascular	network.	This	volume	consists	of	two	distinct	regions;	the	bottom	is	composed	of	soft	low	
density	matter,	whereas	the	top	is	a	highly	organized	architecture.	Natural	human	biological	matter	will	
be	used	to	compose	the	bottom	basal	layer	whereas	the	top	layer	would	be	composed	of	a	highly	
arranged	aqueous	material.	Both	of	these	when	constructed	allow	for	easy	perfusion	of	cells	inward,	
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proper	nutrient	dispersion,	waste	removal,	and	mitosis.	Possibly	most	desirable	about	this	type	of	
scaffolding	is	that	due	to	it	being	approximately	ninety	percent	of	the	overall	composite,	its	adjustability	
of	mechanical	properties	and	ability	for	controlled	degradation	and	assimilation	excellently	emulate	that	
of	natural	skin.	In	order	to	accomplish	this	material	design,	Decellularized	Adipose	Tissue	(DAT)	and	
Human	Adipose-Derived	Mesenchymal	Cells	(hASCs)	will	be	used	in	order	to	fabricate	a	precisely	
positioned	mass	[13].	Both	DATs	and	hASCs	can	be	harvested	from	liposuction	procedures	then	
subsequently	flushed	of	everything	except	the	extracellular	matrix.	The	remaining	substance	is	then	3D	
printed	by	Laser-Induced	Forward	Transfer	(L.I.F.T.)	[16].		
	

	
Figure	23:	Process	diagram	of	Laser	Induced	Forward	Transfer	(L.I.F.T.)	

L.I.F.T.	operates	by	depositing	components	that	are	in	arrangement	on	one	stock	layer	into	an	organized	
substrate	configuration	onto	a	layer	behind	the	first.	As	a	3D	printing	process	this	has	the	ability	to	
precisely	control	deposition	of	the	used	material	into	structures	of	gradually	increasing	volume.	Results	
from	resource	literature	show	that	cells	used	in	the	process	exhibit	reduced	inflammation,	cytotoxicity,	
and	an	increase	in	aptitude	for	inward	tissue	infiltration.	
	
Above	this	adipose	base	material	layer	is	a	porous	mass	made	of	ideally	a	hydrogel.	Hydrogels	are	
biocompatible	materials	that	can	be	composed	of	common	polymers	such	as	collagen,	fibrin	or	gelatin	
as	well	as	contain	embedded	components.	For	example,	in	the	resource	literature,	agarose	fibers	were	
embedded	components	utilized	for	photo	reactive	crosslinking.	Use	of	naturally	occurring	biological	
proteins	is	favorable	in	terms	the	facilitated	ability	to	be	accepted	by	a	patient’s	body.	Instead	of	an	
immune	response	caused	by	a	foreign	material,	the	body	is	more	likely	to	act	in	a	regenerative	fashion	
which	is	less	of	a	strain	on	an	individual’s	complete	health.	When	the	hydrogel	composite	is	evacuated	
of	template	agarose	fibers,	the	resultant	material	has	a	highly	vascularized	internal	network	of	hollow	
channels.	Agarose	being	a	natural,	common	polysaccharide	is	a	highly	favorable	component	for	forming	
the	inner	tube	architecture	of	the	mass.	A	simple	vacuum	removes	the	fibers	after	solidification	but	
even	if	small	remnants	of	the	fibers	remain	they	do	not	pose	a	severe	threat	to	the	body.	By	adjusting	
the	concentration	of	cross-linkers	and	even	using	secondary	polymer	chains,	the	density,	stretch	ability	
and	time	necessary	to	erode	and	be	reabsorbed	by	the	body	can	be	manipulated	for	proper	native	tissue	
emulation.	It	is	imperative	to	have	adjustable	mechanical	properties	to	better	fit	the	needs	of	differing	
patients	and	for	achieving	comfortability	and	proper	feel	of	the	damaged	and	replaced	tissue.	In	
conjunction	with	the	bottom	adipose	layer	this	hydrogel	structure	provides	the	necessary	template	
volume	for	cellular	proliferation	and	angiogenesis.	Native	skin	cells	can	migrate	into	this	scaffolding,	
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proper	nutrients	and	blood	flow	to	the	wound	site	can	be	accomplished	and	the	surrounding	tissue	will	
not	become	tough	and	permanently	affected	from	scar	tissue	formation.	
	

Protective	Surface	

	
Figure	24:	Depiction	of	Self-Healing	Protective	Layer.	Brown	and	purple	spheres	represent	epoxy	constituent	liquids.	Red	

ellipsoids	represent	supplementary	beneficial	chemical	agent	

Finally,	a	top	protective	layer	will	be	incorporated	to	give	fortified	toughness	to	the	only	openly	exposed	
portion	of	the	overall	material	composite.	Integrated	material	features	will	provide	self-healing	
properties	to	give	prolonged	lifetime	and	resistance	to	mechanical	degradation.	Compared	to	traditional	
bandages,	this	sealing	and	protection	method	involves	a	lasting	adhesive	covering	that	also	acts	to	heal	
and	repair	the	injury	whereas	traditional	bandages	are	prone	to	diminishing	adhesive	effectiveness	and	
bacteria	buildup.	Used	as	the	outer	surrounding	suspension	slurry,	the	same	fibrin	glue	from	the	
adhesive	coating	mixture	will	modified	to	also	have	liquid	filled	microbeads	dispersed	throughout	[15].	
Using	the	same	base	glue	material	allows	for	blending	of	the	upper	and	lower	bulk	regions	and	acts	to	
mitigate	any	separate	reactions	that	may	arise	from	the	native	tissue	once	implemented.	However,	
unlike	the	adhesive	coating,	this	mixture	will	have	a	small	amount	of	thrombin	included.	The	reason	
being	is	that	the	outer	interface	of	the	composite	suture	should	allow	for	slight	clotting	tissue	formation	
to	ultimately	establish	a	tougher	exterior	barrier	against	abrasion	and	pathogenic	contamination.	
Therefore,	a	small	amount	of	thrombin	in	the	fibrin	glue	will	achieve	this	thicker,	adhesive	film	once	
deposited.	By	using	two	to	three	distinct	microbeads,	there	can	be	a	twofold	beneficial	effect	for	the	
protective	layer.	Once	mechanical	agitation	at	the	outermost	surface	of	the	layer	in	contact	with	the	
ambient	environment	has	been	sustained,	two	of	the	three	microbeads	will	be	allowed	to	mix	and	wet	
the	affected	surface.	After	mixture	and	stimulation,	the	mixed	liquids	act	like	an	epoxy	and	form	a	thin	
toughened	film.	Typical	bandages	usually	experience	agitation	and	wear	as	time	progresses	after	first	
being	applied.	However,	in	the	microbead	system,	instead	of	avoiding	slight	perturbations,	they	are	
instead	used	as	initiators	for	the	self-healing	material	response	to	mitigate	the	damage	sustained.	The	
last	microbead	component	therefore	can	be	either	an	antibacterial,	anti-inflammatory,	analgesic	or	any	
other	beneficial	pharmaceutical	agent	helpful	in	wound	treatment.	Inclusion	of	a	supplementary	liquid	
substance	that	is	triggered	any	time	substantial	mechanical	damage	is	inflicted	to	the	wound	area	is	
therefore	an	ideal	approach	for	lasting	intermittent	wound	treatment	whilst	accomplishing	the	main	
goal	of	protection	and	rehabilitation.	
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Practical	Applications	
 
There	is	sufficient	evidence	to	believe	that	the	full	development	of	a	soft	regenerative	suture	would	
allow	for	many	practical	applications	in	both	the	biomedical	field	as	well	as	in	research.	Beginning	with	
the	biomedical	perspective,	this	technology	would	be	of	a	great	use	as	a	skin	graft	replacement;	it	would	
be	a	less	invasive	method	for	skin	wound	treatment	and	ultimately	poses	great	potential	for	commercial	
product	development.	The	unfavorable	process	of	removing	skin	from	a	peripheral	area	of	the	body	and	
transplanting	to	the	affected	area	in	traditional	skin	grafts	is	acceptable	in	terms	of	simple	closure	of	the	
wound	but	ultimately	leaves	unsightly	scarring	and	creates	a	highly	susceptible	region	to	contamination	
by	pathogens.	Replacing	healthy	skin	with	a	material	that	can	be	fabricated	readily	and	emulates	skin	in	
composition	and	function	would	be	highly	advantageous	in	this	type	of	procedure;	material	rejection	is	
unlikely,	additional	surgery	is	unneeded	and	prolonged	bacterial	protection	can	be	achieved	from	
inherent	material	features.	Limiting	invasive	surgical	procedures,	requiring	minimal	if	any	wound	
bandaging	and	unaffected	ranges	of	anatomical	motion	are	all	positive	characteristics	of	the	soft	
regenerative	suture.	Because	of	these	excellent	features,	and	the	likelihood	of	developing	a	complete	
fabrication	method	via	a	multi	material	3D	printing	process,	it	is	a	great	possibility	that	if	developed	and	
iterated	upon	this	soft	regenerative	suture	could	become	a	household	product	for	minor	skin	injuries	
that	would	effectively	replace	and	improve	upon	traditional	bandages.		
	
On	the	other	hand,	in	regarding	research	applications,	a	bioequivalent	to	skin	would	be	an	exceptional	
test	material	for	accurate	and	timely	research	experimentation.	Allowing	for	exploration	of	the	effects	
of	pharmaceutical	trials,	viral	and	bacterial	processes,	the	response	of	tissue	to	mechanical	
disturbances,	and	mass	transfer	within	soft	biological	matter	are	all	examples	of	how	this	composite	
could	be	used.		
	
In	summation,	the	propensity	of	the	soft,	regenerative	suture	to	have	immediate	advantageous	effect	in	
not	only	current	medical	treatments,	but	also	in	future	refinements	and	possible	endeavors	into	other	
biological	tissue	equivalents	such	as	bone	or	muscle,	is	a	great	prospect	for	the	field	of	tissue	
engineering.	A	soft,	regenerative	suture	and	any	similar	restorative	biomaterials	would	present,	globally	
a	great	hope	for	helping	an	enormous	amount	of	patients	with	medical	conditions	involving	damaged,	
diseased	or	otherwise	compromised	bodily	tissues.		
	
It	is	of	prime	concern	to	develop	and	explore	novel	methods	for	treating	as	many	clinical	wounds	as	
possible.	It	is	also	of	the	utmost	importance	to	ensure	medical	treatments	are	affordable	and	that	
necessary	medical	materials	can	be	easily	fabricated	and	readily	used.	If	this	can	be	accomplished,	it	
would	allow	for	as	many	deserving	patients	as	possible	to	gain	access	to	life-changing	and	potentially	
lifesaving	medical	aid.	With	the	legitimate	development	and	research	of	soft	regenerative	suture	
technology,	humankind	can	be	one	monumental	step	closer	to	bridging	the	gap	between	contemporary	
technology	and	the	future,	ultimate	goal	of	3D	printed	patient	specific	organs.	
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