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ABSTRACT  

Addfitfive fintegratfion of 3D eflectrficafl cfircufits wfith off-the-sheflf eflectronfic devfices finsfide 3D prfinted poflymer parts, 

fi.e.,  structurafl  eflectronfics,  can  enabfle  new  paradfigms  fin  mfinfiaturfized  mufltfifunctfionafl  structures.  Thfis  paper 

finvestfigates  a  hybrfid  prfintfing  process  caflfled  Fflash  Lfight  Assfisted  Manufacturfing  of  structurafl  Eflectronfics 

(FLAME) whfich fintegrates Fused Ffiflament Fabrficatfion (FFF) of poflymers wfith prfintfing and Intense Puflsed Lfight 

sfinterfing (IPL) of sfiflver nanopartficfles. The effect of IPL parameters and nanopartficfle shape on conductfivfity fis 

quantfified, reveaflfing that usfing NWs wfith IPL aflflows greater conductfivfity wfith flesser sfinterfing-finduced poflymer 

damage. The conductfivfity of pflanar cfircufits fis characterfized durfing over-FFF, fi.e., durfing FFF of the poflymer on 

the sfintered cfircufit. An unexpected findfing fis that over-FFF fincreases the conductfivfity fin a compflex and non- 

monotonfic  manner  that  depends  on  the  over-FFF  parameters.  A  mufltfi-flayer  IPL  strategy  fis  fintroduced  for 

through-pflane cfircufits, fin whfich NWs are deposfited fin fincrements smaflfler than the cfircufit's totafl hefight and IPL fis 

performed  after  each  fincrement.  Eflectromagnetfic  and  thermafl  sfimuflatfions  reveafl  why  through-pflane  cfircufits 

have  flesser  conductfivfity  than  pflanar  ones  and  uncover  the  key  rofle  of  mufltfi-flayer  IPL  fin  fincreasfing  the  con-

ductfivfity of through-pflane cfircufits. Overaflfl, FLAME fincreases the conductfivfity by 300 % for pflanar cfircufits and 

by 170 % for through-pflane cfircufits as compared to state-of-the-art nanopartficfle prfintfing-based methods, even 

for  flow-thermafl-toflerance  poflymers,  fin  fless  than  10  s  for  each  poflymer  flayer.  These  advances  break  the 

performance-materfiafl-throughput tradeoff that pflagues exfistfing nanopartficfle-based prfintfing methods for fabrfi-

catfing 3D structurafl eflectronfics.   

1. Introductfion 

Structurafl eflectronfics consfist of off-the-sheflf eflectronfic devfices con-

nected by eflectrficaflfly conductfive cfircufits fin 3D flayouts finsfide rfigfid 3D 

poflymer parts (Ffig. 1a). Thfis paradfigm can transform conventfionafl parts 

that have a desfired shape and structurafl behavfior finto smart structures 

wfith addfitfionafl eflectromechanficafl, thermafl, chemficafl, optficafl, commu-

nficatfion, and magnetfic functfionaflfity [1]. Thfis approach can aflso reduce 

the pflanar footprfint of eflectronfic systems by usfing the part voflume to 

accommodate  3D  devfice  and  cfircufit  flayouts,  thus  enabflfing  greater 

structurafl  mfinfiaturfizatfion and flfight-wefightfing  than pflanar or surface- 

conformafl eflectronfics. These advantages can be fleveraged for appflfica-

tfions fin communficatfion [2], sensfing [3], controfl [4], unmanned vehficfles 

[5], bfiomedficafl fimpflants [6,7], and other smart structures [8–10]. 

Hfigh cfircufit conductfivfity fis crucfiafl to the performance of structurafl 

eflectronfics.  For  the  same  cfircufit  dfimensfions  and  vofltage  the  power 

consumptfion  of  a  cfircufit  fincreases  proportfionaflfly  as  the  cfircufit's  con-

ductfivfity reduces. Greater power usage reduces system capabfiflfitfies by 

depfletfing the power source faster, e.g., reducfing the range of drones. 

Low conductfivfity aflso flfimfits system functfionaflfity. For exampfle, for the 

same cfircufit dfimensfions and current suppflfied a flower cfircufit conduc-

tfivfity  wfiflfl  proportfionaflfly  reduce  the  vofltage  suppflfied  to  a  motor  and 

thus reduce fits speed or torque, or reduce the performance of eflectro-

magnetfic  cofifl  antennae  fabrficated  wfith  standaflone  cfircufits [11]. 

Increasfing  the  cross  sectfion  of  a  cfircufit  can  compensate  for  flow  con-

ductfivfity but thfis approach fis flfimfited by the fact that cfircufit pfitch needs 

to match pfin-to-pfin dfistance on the devfices. Whfifle cfircufit conductfivfity 

must be fincreased, concurrent eflfimfinatfion of poflymer degradatfion and 

mefltfing  durfing  manufacturfing  fis  crfitficafl  to  freefing  the  chofice  of  the 

poflymer materfiafl from the cfircufit fabrficatfion process fin order to retafin 

flow costs and preserve the non-eflectronfic functfionaflfity of the poflymer. 

An emergfing approach for fabrficatfing 3D structurafl eflectronfics fis to 
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combfine  poflymer  3D  prfintfing,  fabrficatfion  of  eflectrficaflfly  conductfive 

cfircufits finsfide the poflymer, and connectfion of devfices pflaced finsfide 3D 

prfinted  cavfitfies  to  these  cfircufits.  Thfis  fabrficatfion  paradfigm  aflflows 

extraordfinary desfign freedom vfia the concurrent creatfion of finternafl 3D 

eflectronfics and structuraflfly-motfivated part geometry fin a sfingfle fabrfi-

catfion pflatform. The 3D prfinted poflymer acts as a dfieflectrfic flayer for the 

cfircufits and as a packagfing eflement that prevents exposure of the cfir-
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Ffig. 3.Testfing sampfle configuratfion for (a) pflanar cfircufit (b) through-pflane cfircufit.  

Tabfle 1 

FFF parameters used fin experfiments.  

Parameters Vaflues 

Raster angfle 45◦aflternatfing 

Bufifld pflate temperature 110 ◦C for ABS and 60 ◦C for PLA 

Extrusfion temperature 250 ◦C for ABS and 215 ◦C for PLA 

Nozzfle dfiameter 0.4 mm  
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Ffig. 4.(a) Schematfic of nanopartficfle flayer hefight durfing mufltfiflayer IPL of a through-pflane cfircufit fin a FFF-made hofle of hefight H
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Ffig. 5.Schematfic of eflectrficafl FEA of NW ensembfle for (a) pflanar cfircufit (b) through-pflane cfircufit. (c–d) Artfificfiafl shrfinkage X for a NW pafir. (e) Thermafl FEA of 

through-pflane cfircufit. 
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assembfly of devfices are weflfl estabflfished aspects of thfis paradfigm. Ffig. 1b 

compares exfistfing processes for fabrficatfing 3D finternafl conductfive cfir-

cufits. Ufltrasonfic embeddfing of wfires fis not dfiscussed as fit cannot yet 

create mufltfipfle finternafl 3D cfircufits. Methods used for fabrficatfing Mofl-

ded Interconnect Devfices are omfitted sfince they are usuaflfly confined to 

creatfing cfircufits on the surface of a structure and use mofldfing rather 

than 3D prfintfing. 

FFF or stereoflfithography of poflymer-nanopartficfle composfites (e.g., 

wfith  metafl  or  graphene  nanospheres,  nanowfires,  nanoflakes)  yfieflds 

conductfivfity that fis orders of magnfitude flesser than the fintrfinsfic vaflue of 

the  nanopartficfle  materfiafl.  Thfis  fis  due  to  tunneflfing  based  rather  than 

ohmfic  percoflatfion  drfiven  eflectron  transport  fin  the  cfircufit [12]. 

Conductfive flfiqufid metafl aflfloys flfike EGaIn have been used by finjectfing 

the flfiqufid metafl finto cavfitfies prfinted finsfide the structure [13,14]. Thfis 

requfires redesfign of the structure's finternafl geometry whfich can affect fits 

non-eflectronfic functfion. The repeatabfiflfity of thfis method fis restrficted by 

contfinufity  of  flow  of  the  vfiscoeflastfic and  hfighfly  wettfing  flfiqufid  metafl 

finsfide the finternafl cavfitfies, e.g., the formatfion of gaps and bubbfles fin the 

flfiqufid metafl cfircufit often breaks the conductfive pathway [15]. Ffinaflfly, 

the fintrfinsfic conductfivfity of these flfiqufid metafl aflfloys fis about 17 tfimes 

flesser  than  that  of  buflk  Ag  or  Cu  whereas  nanopartficfle-based  pflanar 

cfircufits have achfieved conductfivfitfies that are onfly 3 tfimes flesser than 

the buflk vaflue [16]. 

The more generafl hybrfid prfintfing approach fintegrates 3D prfintfing of 

the poflymer wfith prfintfing and sfinterfing of metafl nanopartficfles to create 

compflex hfigh-resoflutfion conductfive 3D cfircufits finsfide 3D parts. Ohmfic 

rather than percoflatfive eflectron transport after sfinterfing enabfles greater 

conductfivfity than poflymer-nanopartficfle composfites. Whfifle toofl devefl-

opment efforts (e.g., by Nano-Dfimensfion) show that hybrfid prfintfing has 

the greatest potentfiafl to reaflfize hfigh-performance structurafl eflectronfics, 

thfis  approach  stfiflfl  suffers  from  the  foflflowfing  conductfivfity-materfiafl- 

throughput  tradeoff [17–19].  In  such  hybrfid  prfintfing  technfiques  the 

conductfivfity of the prfinted materfiafl fincreases wfith finterpartficfle fusfion 

durfing  sfinterfing [20].  State-of-the-art  hybrfid  prfintfing  typficaflfly  prfints 

metafl nanospheres or nanoflakes as cfircufits and sfinters them usfing oven 

heatfing outsfide the prfintfing machfine [21] or usfing fin-sfitu flaser heatfing 

[22–26].  Sfince  dfirect  flaser  sfinterfing  often  causes  sfignfificant  thermafl 

degradatfion of poflymer structures, a more tfime-consumfing aflternatfive fis 

often  used  fin  whfich  flaser  pre-curfing  of  the  NPs  fis  foflflowed  by  flow 

temperature-flong  duratfion  oven  curfing  (e.g.,  80 ◦C  for  16  h [26]).  A 

more typficafl  sfinterfing approach pflaces the  structure prfinted wfith the 

embedded  cfircufits  finsfide  an  oven.  The  sfinterfing  fis  efither  performed 

rapfidfly at hfigh temperature (10–30 mfin at 250–350 ◦C [21,27]) whfich 

flfimfits the poflymer materfiafl to more costfly thermosets or poflyamfides, or 

fis performed sflowfly at flow temperature (e.g., 80 ◦C for 1.5–2 h [3,28]) 

whfich reduces the process throughput sfignfificantfly. The best damage- 

free  eflectrficafl  conductfivfity  achfieved  tfiflfl  date  wfith  the  oven-based 

sfinterfing approach fis 2 ×106 S/m for pflanar cfircufits and 2.72 ×104 S/m 

for through-pflane cfircufits (fi.e., cfircufits that go across the FFF flayers), 

that too wfith a thermaflfly resfistant thermoset materfiafl [3]. Overaflfl, usfing 

cheaper and more thermaflfly fintoflerant thermopflastfics flfike PLA, ABS, or 

thefir composfites flfimfits the thermafl budget avafiflabfle for sfinterfing and 

thus flfimfits the cfircufit's conductfivfity. Tryfing to avofid thermafl damage by 

fincreasfing  the  sfinterfing  tfime  and  reducfing  the  sfinterfing  temperature 

sfignfificantfly reduces the overaflfl process speed. Thus, reaflfizfing the ad-

vantages of hybrfid nanopartficfle-based prfintfing for structurafl eflectronfics 

requfires fits seamfless fintegratfion wfith a nanopartficfle sfinterfing process 

that can achfieve hfigh eflectrficafl conductfivfity, at hfigh throughput, wfith 

mfinfimafl  thermafl  damage  of  thermaflfly  fintoflerant  3D  prfinted  poflymer 

structures. 

Thfis  paper  deveflops  a  process  caflfled  Fflash  flfight  Assfisted  Addfitfive 

Manufacturfing of structurafl Eflectronfics (FLAME, Ffig. 2) to overcome the 

above  performance-materfiafl-throughput  tradeoff.  FLAME  fintegrates 

Fused Ffiflament Fabrficatfion (FFF), prfintfing of nanopartficfles (NPs) finto 

pflanar  and  through-pflane  cfircufits,  fin-sfitu  Fflash  Lfight/Intense  Puflsed 

Lfight  sfinterfing  (IPL)  of  the  prfinted  nanopartficfle-based  cfircufits,  and 

connectfion of off-the-sheflf functfionafl devfices wfith the cfircufits. FFF and 

nanopartficfle  prfintfing  are  weflfl  known  technfiques.  IPL  uses  broad- 

spectrum  vfisfibfle  flfight  from  a  xenon  flamp  to  firradfiate  and  thermaflfly 

sfinter NPs over an area as flarge as 1 ft by 1 fin. wfithfin mfiflflfiseconds. The 

flow firradfiatfion tfime and the pflasmon resonance effect created by the use 

of  nanopartficfles  mfinfimfizes  damage  even  for  very  sensfitfive  substrates 

flfike paper and poflyester. The fincrease fin the conductfivfity of the prfinted 

nanopartficfle ensembfles fis achfieved vfia finterpartficfle dfiffusfion and neck 

growth drfiven by the optficaflfly-finduced heatfing. Sfince IPL can be per-

formed under ambfient condfitfions fit can be easfifly fintegrated wfith FFF, 

prfintfing  and  devfice  fintegratfion.  The  area-based  rather  than  wrfitfing- 

based  nature  of  IPL  aflso  gfives  fit  a  throughput  advantage  over  flaser 

sfinterfing. Varfious methods for sfinterfing metafl nanopartficfle cfircufits on 

pflanar  flexfibfle  substrates  have  achfieved  near-buflk  conductfivfity. 

[29–37] Among  these  IPL  provfides  addfitfionafl  advantages  of  excep-

tfionaflfly flow thermafl damage due to rapfid and hfighfly efficfient energy 

transfer from the fincfident flfight to the metafl nanopartficfles vfia pflasmonfic 

resonance,  hfigh  throughput  over  flarge  areas  on  the  feet  scafle,  and 

eflfimfinatfion of physficafl contact wfith the cfircufits. Thfis makes IPL an fideafl 

candfidate to meet our goafl of seamfless fintegratfion wfith a contfinuous 3D 

prfintfing process. [16,32–36,38–47] For exampfle, past work on IPL of Ag 

NW-based pflanar prfinted cfircufits on pflanar substrates has reduced peak 

sfinterfing  temperatures to  as  flow  as  125 ◦C,  fincreased  cfircufit conduc-

tfivfity to as hfigh as 2 ×107 S-m, wfithfin mfiflflfiseconds of IPL, over feet 

flength  scafles  fif  needed,  and  shown  that  such  advantages  are  hard  to 

achfieve wfith other sfinterfing methods. [33,48,49] 

PLA

After IPL 

ABS

As prfinted

Charrfing

Mefltfing

But these advantages of IPL have not been transflated to structurafl 

eflectronfics  yet,  where  optficafl  and  thermafl  penetratfion  finto  through- 

Ffig. 6.IPL-finduced damage of FFF-prfinted ABS and PLA wfith NW:NS ratfio of 0:100.  
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pflane cfircufits and FFF of poflymer over prfinted cfircufits are aspects that 

cannot be negflected. There fis aflso past work on fintegratfion of IPL wfith 

FFF  or  dfirect  fink  wrfitfing  for  fabrficatfing  surface-conformafl  cfircufits. 

[17,43,45,50,51] 
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Sfince  these  works  do  not  expflore  buflk-embedded 

structurafl  cfircufits they  cannot  reveafl  how  FFF  of  poflymer  on  prfinted 

cfircufits fimpacts the pflanar cfircufit's conductfivfity or uncover the effect of 

IPL  on  through-pflane  cfircufits.  Further,  these  surface-conformafl 

technfiques do not use NWs to constfitute the cfircufits. 

Thfis paper first examfines the effects of the IPL parameters and the 

nanopartficfle  shape  on  the  post-sfinterfing  conductfivfity,  temperature 

evoflutfion, and poflymer damage for pflanar cfircufits. A key noveflty fis the 

use  of  bfinder-free  NWs  rather  than  the  typficafl  use  of  nanospheres  or 

nanoflakes  wfith  or  wfithout  eflastomerfic  bfinders.  In  another  first  we 

expflore  the  effect  of  deposfitfing  the  poflymer  on  the  post-IPL  pflanar 

Ffig. 7.(a–c) Conductfivfity for pflanar cfircufits wfith varyfing fluence and varyfing puflse number for NW:NS ratfios of (a) 100:0, (b) 50:50, (c) 25:75. (d) SEM fimage of 

bflowoff regfion of pflanar cfircufit for NW:NS ratfio of 50:50 and IPL parameters of 3.5 J/cm2 wfith one puflse. 
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cfircufits,  fi.e.,  over-FFF  (Ffig.  2d),  to  provfide  finsfight  finto  how  the  FFF 

process fitseflf mfight affect conductfivfity. The effect of key over-FFF pa-

rameters on conductfivfity evoflutfion for pflanar cfircufits fis characterfized. 

Another novefl aspect fis the examfinatfion of how a through-pflane cfircufit's 

conductfivfity  fis  affected  by  the  IPL  parameters  and  by  prfintfing of  the 

cfircufit fin mufltfipfle flayers wfith fintermfittent IPL, fi.e., the mufltfi-flayer IPL 

strategy. Ffinfite Eflement Anaflysfis (FEA) of temperature evoflutfion durfing 

mufltfi-flayer  IPL  and  of  eflectron  flow  between  fused  NW  ensembfles  fis 

used to understand our experfimentafl observatfions. Ffinaflfly, two exem-

pflar 3D structurafl eflectronfics are demonstrated,  a sfimpfle flfight  sensor 

wfith hfidden pflanar cfircufits finsfide a FFF prfinted part and a more compflex 

embedded gyroscope fintegrated wfith an embedded mficrocontroflfler fin-

sfide a FFF prfinted part. 

2. Methods 

2.1. Fabrficatfion of pflanar cfircufits 

Ffig.  3a  fiflflustrates the  sampfle configuratfion  used to  test  FLAME of 

pflanar cfircufits. The sampfles were created by FFF of the bottom poflymer 

structure wfith the parameters shown fin Tabfle 1, prfintfing and IPL of the 

nanopartficfle cfircufit on thfis bottom structure, and FFF of the top poflymer 

structure on part of the post-IPL cfircufit. The raster angfle used for FFF fis a 

typficafl vaflue used fin the flfiterature. The bufifld pflate and extrusfion tem-

peratures were based specfificatfions from the prfinter manufacturer and 

the fiflament vendor. The nozzfle dfiameter was wfithfin the feasfibfle range 

specfified  by  the  fiflament  vendor.  The  dfimensfions  of  the  prfinted  part 

were 63.5 mm ×25.4 mm. The thfickness of both the bottom and top 

structures was 1.5 mm. The flength and wfidth of the cfircufit were 30 mm 

×1 mm and fits thfickness depended on the nanopartficfle shape used. ABS 

and PLA were used as the fiflament materfiafl wfith a CraftBot Pflus FFF 

prfinter sfince the flower thermafl toflerance and cost of these materfiafls flets 

us hfighflfight the wfider materfiafl wfindow accessfibfle by FLAME. Durfing 

over-FFF the extruder speed was varfied at 30 mm/s and 60 mm/s, the 

flayer hefight was varfied over 250 μm and 350 μm, and a totafl of 6 flayers 
of poflymer were added on top of the post-IPL cfircufit. 

Sfiflver (Ag) was used as the nanopartficfle materfiafl. The effect of the 

nanopartficfle  shape  was  expflored  by  mfixfing  nanospheres  (NSs,  30–50 

nm dfiameter, ACS Materfiafl) and NWs (150 μm flength, 100 nm dfiameter, 
ACS  Materfiafl)  fin  NW:NS  ratfios  of  0:100,  25:75,  50:50  and  100:0  by 

wefight  percentage.  The  finks  were  dfispersed  fin  ethanofl  soflvent  at  a 

constant  totafl  soflfid  wefight  of  0.5  %.  A  syrfinge-pump  drfiven  nozzfle 

mounted on computer controflfled motfion stages was used to prfint the 

nanopartficfles finto cfircufit form. The heatfing pflate used durfing FFF was 

aflso used durfing nanopartficfle deposfitfion for qufickfly dryfing the ethanofl. 

IPL was performed usfing a Sfinteron 3000 system (Xenon Corporatfion) 

wfith a 1 ft by 1 fin. optficafl footprfint at the sampfle surface. The suppfly 

vofltage to the puflsed capacfitor of the xenon flamp was kept constant at 3 

kV. The optficafl fluence was varfied by changfing the on-tfime of the puflse, 

an exampfle of whfich fis shown fin Tabfle S1 fin the Suppflementary Infor-

matfion.  At  fleast  three  experfiments  were  performed  for  any  of  the 

parameter combfinatfions used. 

2.2. Fabrficatfion of through-pflane cfircufits 

Ffig. 3b shows the test sampfle for the through-pflane cfircufit. Ffirst, the 

bottom structure was prfinted usfing FFF, then the top structure was FFF 

prfinted  wfith  two  cyflfindrficafl  hofles  finto  whfich  the  nanopartficfles  were 

deposfited  to  prfint  the  through-pflane  cfircufits,  and  then  IPL  was  per-

formed to sfinter the deposfited NPs. The sfize of the poflymer structure was 

25 mm ×25 mm ×1.75 mm. The dfiameter and hefight of the cyflfindrficafl 

hofles  was  3.25  mm  and  1.5  mm  respectfivefly.  FFF,  prfintfing  of  nano-

partficfle finks, and IPL were performed usfing the methods descrfibed fin 

Sectfion 2.1. Denotfing the hefight of the hofle as H, mufltfiflayer IPL was 

performed by deposfitfing the nanopartficfles fin fincrements of thfickness H, 

H/4, H/5, H/6  and H/8  wfith  IPL  performed  after  prfintfing  each  such 

nanopartficfle  flayer  (Ffig.  4a).  Thfis  strategy  was  adopted  because  the 

through-pflane cfircufits are much flarger fin the dfirectfion of propagatfion of 

IPL flfight (mm flength scafle) than the pflanar cfircufits (μm flength scafle). 
Durfing IPL, thfis wfiflfl flfimfit optficafl and thermafl penetratfion finto through- 

pflane  cfircufits.  By  reducfing  the  effectfive  hefight  of  each  nanopartficfle 

flayer, Mufltfiflayer IPL can aflter the temperature hfistory of the cfircufit and 

thus affect the degree of finterpartficfle sfinterfing and cfircufit conductfivfity. 

2.3. Characterfizatfion 

The  cfircufit  resfistance  was  measured  usfing  a  Kefithfley  sourcemeter 

wfith copper tape attached to the cfircufits usfing sfiflver paste, as fin our past 

work [43]. Scannfing Eflectron Mficroscopy (Zefiss Sfigma Ffiefld Emfissfion 

8100) was used to characterfize the morphoflogy of the pflanar cfircufits. 

Through-pflane cfircufits coufld not be characterfized sfince fit fis dfifficuflt to 

access thefir morphoflogy aflong thefir hefight wfithout damagfing them. The 

cfircufit temperature durfing IPL was measured usfing a thermafl camera 

(MficroEpsfiflon thermo-fimager TIM 200, maxfimum temperature 1500 ◦C, 

accuracy ±
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figure flegend, the reader fis referred to the web versfion of thfis artficfle.) 

M.N. Jahangfir et afl.                                                                                                                                                                                                                            



Journal of Manufacturing Processes 82 (2022) 319–335

325

measured using the Kickstart 2.0 software (Tektronix). This line resis
tance was converted to conductivity based on optical microscopy of the 
line width and optical profilometry of the line thickness. Fig. 4b shows 
the measured thickness of the planar circuits as a function of the NW:NS 
ratio. 

2.4. Modeling 

Finite element analysis (FEA) was performed to examine the reasons 

behind the following experimental observations. The first is the differ
ence in the electrical conductivity between planar and through-plane 
circuits. The second is the effect of multilayer IPL of through-plane 
circuits on the temperature evolution, since this temperature history 
largely controls sintering and therefore conductivity. The temperature 
evolution for planar circuits can be easily predicted using models from 
past work and is therefore not investigated here [52,53]. 

Differences in electrical conductivity between through-plane and 
planar circuits were examined via FEA of electron transfer in NW 
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ensembles along the through-plane and in-plane directions respectively, 
using the COMSOL platform. A multilayer NW ensemble was created 
with each layer containing 4–5 randomly oriented NWs. The NW length 
was truncated to 750 nm as compared to the NWs used in experiments in 
order to avoid edge effects and in order to allow a feasible computational 
time. For planar conductivity a voltage was applied at the flat ends of the 
NWs while ground was applied at diameterically opposite flat ends of 
different NWs (Fig. 5a). For through-plane conductivity a similar spec
ification of the voltage and ground surfaces was performed on the 
curved surfaces (Fig. 5b). The conductivity was calculated based on the 
constant voltage applied and the overall dimensions of the NW 
ensemble. The impact of sintering was examined by introducing an 
artificial amount of shrinkage X to qualitatively recreate interparticle 
neck formation (Fig. 5c–d). The value of X was varied across 0.1, 0.2, 
and 0.3 nm. Since increasing the number of NW layers showed an initial 
tendency to increase the conductivity therefore the number of NW layers 
were varied for X = 0.1 nm till the conductivity converged as a function 
of the number of NW layers. This number was found to be 13. At least 5 
such NW ensembles were created and analyzed to account for the 
randomness of the NW orientation in experimental ensembles. 

Thermal FEA was performed to predict the IPL-induced temperature 
evolution of the through-plane circuit (Fig. 5e). The circuit was modeled 
as a continuum structure of known height embedded as a through-plane 
pillar inside a hole of known diameter in a block of polymer. The IPL 
fluence was converted to heat flux at the surface of the polymer, the 
exposed surface of the through-plane Ag circuit, and the inside surface of 
the polymer hole not covered with Ag. This flux was calculated based on 
the spectrum of the xenon lamp and the absorptance of the Ag and the 
polymer as measured using a UV–Vis spectrophotometer (Jasco V-770), 
as in our past work [41]. Note that the absorptance of the Ag was based 

on the deposition of a similar thickness of material on a transparent glass 
substrate. The thermal properties of the circuit structure were assumed 
to be the same as that of bulk silver. The initial temperature was fixed at 
20 ◦C. Convection was allowed with a heat transfer coefficient of 2.5 W/ 
m2-K. 

3. Result and discussion 

3.1. Planar circuits 

3.1.1. Effects of nanoparticle shape and IPL 
The use of only nanospheres to constitute the planar circuits yielded 

low as-printed conductivity of ≈100 S/m. The conductivity was not 
observed to change significantly till a very high IPL fluence of about 20 
J/cm2 was used. But this high an optical energy caused charring of the 
ABS and significant surface melting of the PLA (Fig. 6). The rest of this 
work concentrates on NW:NS mixtures where the NW concentration is 
greater than zero since these ratios enabled more meaningful circuit 
conductivity without polymer damage. 

Past work has shown that the degree of fusion and conductivity 
during IPL of purely NS ensembles and purely NW ensembles depends on 
both the pulse fluence and number of pulses [54]. There is also a critical 
pulse fluence and number of pulses beyond which the conductivity starts 
to reduce [43,45]. The following approach was used to identify the 
critical pulse fluence and critical pulse number for a given NW:NS ratio. 
First, the number of IPL pulses were fixed and the pulse fluence was 
changed till the above inflection point in the conductivity was observed. 
At this optimal fluence the number of pulses was increased in increments 
of one till the inflection point in the conductivity was observed again. 
This number of pulses was chosen as the optimal number of pulses. 
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Changes fin the fluence and number of puflses dfid not have an accumu-

flatfive effect sfince a new sampfle was used for each separate puflse fluence 

and puflse number. Ffig. 7a–c show the correspondfing conductfivfity ob-

tafined after IPL where the finflectfion pofint fin the conductfivfity denotes an 

optfimafl puflse fluence or puflse number. The finflectfion pofint occurs due 

to bflowoff or evaporatfion of the nanopartficfles when exposed to exces-

sfive  puflse  energy  or  too  many  puflses,  as  seen  fin  the  SEM  fimage  fin 

Ffig. 7d. Thfis reduces the effectfive cross-sectfionafl area of the cfircufit so 

that the apparent change fin conductfivfity fis due to a  reductfion fin the 

cfircufit's cross-sectfionafl area rather than an fintrfinsfic change fin the ma-

terfiafl's conductfivfity. 

For NW-NS ratfios of 25:75, 50:50 and 100:0 the optfimafl parameters 

were found to be 3 puflses at 2.5 J/cm2, 3 puflses at 3 J/cm2 and one puflse 

at 4.5 J/cm2, respectfivefly. The totafl IPL tfime for these parameters was 

1.3, 1.5 and 0.75 s respectfivefly. Thfis findficates the hfigh speed at whfich 

the sfinterfing can be performed. No vfisfibfle surface damage on ABS or 

PLA  was  seen  for  any  of  these  cases.  For  pflanar  cfircufits,  the  hfighest 

conductfivfity of 7.6 ×106 S/m fis obtafined for a NW:NS ratfio of 100:0 

wfith one puflse of 4.5 J/cm2 fluence that flasts 750 ms. 

Ffig.  8a  shows  SEM  fimages  of  the  cfircufit's  nanoscafle  morphoflogy 

correspondfing  to  optfimafl  IPL  parameters  for  each  NW:NS  ratfio,  and 

hfighflfights the flocatfions where finter-partficfle junctfions are formed due to 

IPL-drfiven fusfion. Greater quantfitatfive finsfight finto the effects of the NW: 

NS ratfio are obtafined fin Ffig. 8b, whfich shows that the peak IPL tem-

perature reduces wfith greater NW:NS ratfio but the change fin conduc-

tfivfity reflatfive to the as-prfinted state fincreases. Thus, the addfitfion of NWs 

finto a NS ensembfle acceflerates sfinterfing at flower temperature. Thfis fis fin 

flfine wfith recent atomfistfic sfimuflatfions of NW sfinterfing whfich show that 

surface dfiffusfion and dfisflocatfion-drfiven anfisotropfic neck growth cause 

greater finter-NW fusfion at flower temperatures as compared to finter-NS 

fusfion [52,53,55]. Past work aflso shows that usfing NWs finstead of NSs 

reduces optficaflfly-finduced heatfing as fusfion proceeds durfing IPL [45,56]. 

But the IPL-finduced heatfing of NWs fis more sustafined, fi.e., fit does not 

reduce as sfignfificantfly wfith the progressfion of fusfion as fit does wfith NSs. 

As a resuflt the temperature stays flower but more sustafined durfing IPL of 

NWs,  whfich  fis  known  to  enhance  fusfion. [41,57] Greater  fusfion 

enhanced conductfivfity. Thfis fis why the repflacement of NSs wfith NWs 

aflflows cfircufit conductfivfity to fincrease whfifle reducfing thermafl damage 

of the poflymer. 

3.1.2. Effect of over-FFF on pflanar cfircufits 

Ffig.  9a  shows  the  evoflutfion  of  the  pflanar  cfircufit's  eflectrficafl  con-

ductfivfity durfing over-FFF wfith the baseflfine parameters, fi.e., ABS fifla-

ment materfiafl, flayer thfickness 250 μm, prfintfing speed 30 mm/s, and 6 
flayers of the top structure. C0 fis the post-IPL conductfivfity (fin Ffig. 9b) or 

the  as-prfinted  conductfivfity  (fin Ffig.  9a), Cs fis  the  conductfivfity  at  any 

finstant durfing over-FFF, and ΔC =Cs −C0. The through-pflane grfid flfines 

correspond to the tfimes at whfich deposfitfion of the dfifferent over-FFF 

flayers  (flayers  1–6)  fis  compfleted.  The  observed  non-monotonfic  evoflu-

tfion of conductfivfity was quaflfitatfivefly sfimfiflar across dfifferent vaflues of 

over-FFF  parameters,  and  fis  therefore  separated  finto  stages  A  to  D 

(Ffig. 9b). Note that resfistance measurement was performed to a reso-

flutfion of 3 decfimafl pofints and was started 10 mfin before the begfinnfing 

of  over-FFF  to  ensure  that  the  finfitfiafl  measurement  was  stabfle.  The 

change  fin  conductfivfity  durfing  thfis  finfitfiafl  measurement  was  no  more 

than ±0.1 %. Thus, the ΔC/C0 evoflutfion seen fin Ffig. 9 fis due to depo-

sfitfion of poflymer on the post-IPL cfircufit. 
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lasts for about 1/4th of the first layer. This is followed by a reduction in 
conductivity in stage B which lasts till the end of layer 1. In stage C, the 
conductivity stays constant or drops slightly depending on the param
eters used. In stage D, there is a significant increase in the conductivity 
even compared to the post-IPL case in some cases (e.g., NW:NS ratio of 
100:0). No further change in conductivity was seen after stage D even 
though over-FFF is performed into the sixth layer. Note that the net 
change in conductivity in each stage relative to the post-IPL conductivity 
depends significantly on the NW:NS ratio. For stages A to C, the stage- 
specific change in conductivity is quantified in terms of the slope of 

the corresponding ΔC/C0. Stage D is characterized by the magnitude of 
change in conductivity since the ΔC/C0 line is vertical in this stage. 

Fig. 10a and c analyze the slopes of stages A–C for the baseline pa
rameters, with and without IPL. The slopes of ΔC/C0 have a significant 
dependence on the NW:NS ratio for the as-deposited case but not for the 
sintered case. For both sintered and unsintered samples there is a slight 
change in conductivity from stages A–C. But the largest increase is 
observed in stage D for increasing NW content with sintering (Fig. 10d). 
In fact, due to the increase in stage D the final conductivity ends up being 
higher than that before over-FFF. The unsintered cases also show 
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fincrease fin conductfivfity durfing stage D (Ffig. 10b) but the magnfitude of 

fincrease fis reflatfivefly flower. 

To summarfize, over-FFF can yfiefld a further fincrease fin conductfivfity 

after IPL. Thfis  fincrease fis hfigher  when IPL  fis used wfith a  hfigher NW 

content.  The  steady-state  conductfivfity  of  the  sfintered  sampfles  wfith  a 

NW:NS ratfio of 100:0 after over-FFF was 8.3 ×106 S/m, whfich fis 7.5 

tfimes flesser than the fintrfinsfic conductfivfity of buflk sfiflver, 4 tfimes hfigher 

than state-of-the-art hybrfid prfintfing [58], and 2.4 tfimes hfigher than the 

fintrfinsfic conductfivfity of flfiqufid metafl based cfircufits [59]. But the con-

ductfivfity fis stfiflfl sflfightfly flower than that achfieved by IPL and thermafl 

sfinterfing  of  pflanar  cfircufits  on  pflanar  substrates,  e.g.,  IPL  of  pflanar 

prfinted NWs can achfieve a conductfivfity of ≈20 ×106 S/m. [16] 

Sfince the conductfivfity after IPL and after over-FFF was the hfighest 

for a NW:NS ratfio of 100:0, thfis ratfio was used to further understand 

how the over-FFF parameters and the fiflament materfiafl affect conduc-

tfivfity  evoflutfion  durfing  over-FFF. Ffig.  11a  shows  the  effects  of  the 

prfintfing veflocfity, an over-FFF parameter that has an finherent effect on 

the process throughput and temperature hfistory of the part. The totafl 

tfime for over-FFF was kept the same by prfintfing 12 flayers of the top 

structure at a speed of 60 mm/s and 6 flayers of the top structure at a 

speed of 30 mm/s to ensure that the cumuflatfive tfime-temperature hfis-

tory experfienced by the cfircufit materfiafl durfing over-FFF was sfimfiflar. Aflfl 

other FFF parameters and the fiflament materfiafl were the fixed at the 

baseflfine  parameters.  The  conductfivfity  fincreases  sflfightfly  for  hfigher 

prfintfing veflocfity fin stages A–C but the greatest fincrease fis agafin seen for 

stage D. Thfis fincrease fin conductfivfity fis aflmost 50 % hfigher when the 

prfintfing veflocfity fis reduced by 50 %. 

Ffig. 12 shows the finfluence of flayer thfickness, a key FFF parameter 

that affects both the prfintfing throughput and the part's surface finfish and 

geometrfic resoflutfion. The other parameters and the materfiafl were fixed 

at  the  baseflfine  parameters.  The  flayer  thfickness  does  not  sfignfificantfly 

affect the conductfivfity fin stages A to D. Thus, the flayer thfickness durfing 

over-FFF may be varfied to satfisfy throughput and surface finfish/reso-

flutfion requfirements wfithout sfignfificantfly aflterfing the finafl conductfivfity. 

Ffig.  13 compares  the  conductfivfity  evoflutfion  durfing  over-FFF  for  two 

materfiafls, PLA and ABS, whfifle aflfl the other parameters are kept constant 

at the baseflfine vaflues. In stages A–C, the conductfivfity fincreases sflfightfly 

for  PLA  as  compared  to  a  reductfion  for  ABS,  but  agafin  the  greatest 

conductfivfity fincrease fis observed fin stage D (Ffig. 13c). The stage D fin-

crease  for  ABS  fis  about  50  %  hfigher  than  that  for  PLA.  The  hfigher 

extrudate temperature and bed temperature for ABS are the flfikefly cause 

of thfis dfifference. Thus, fiflament materfiafl can finfluence the finafl con-

ductfivfity of pflanar cfircufits. 

A number of mechanfisms mfight be responsfibfle for the experfimen-

taflfly observed change fin conductfivfity durfing over-FFF. The first fis flow 

of the just-deposfited poflymer meflt onto the cfircufit durfing over-FFF of 

the first flayer. Thfis vfiscous flow can create stress fin the sfintered finter-
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partficfle  necks  and  break  them  to  decrease  conductfivfity.  The  second 

mechanfism fis fintrfinsfic reductfion fin the materfiafl's conductfivfity due to 

fincrease  fin  fits  temperature  durfing  over-FFF.  Thfis  occurs  due  to  heat 

transfer  to  the  sfintered  NPs  from  the  poflymer  meflt  or  the  soflfidfified 

poflymer. Another pathway fis thermomechanficafl stress, created by the 

Ffig. 15.Current densfity contours for (a) through-pflane conductfion and (b) pflanar conductfion correspondfing to artfificfiafl shrfinkage X =0.1 nm. Caflcuflated ensembfle 

conductfivfity as a functfion of X for (c) through-pflane conductfion (d) pflanar conductfion. 
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cycflfic temperatures and the repeated expansfion and contractfion cycfles 

that  the prfinted  structure adjacent  to the  post-IPL  cfircufit experfiences 

durfing prfintfing [60]. Tensfifle stresses durfing expansfion can break necks 

between  partficfles  and  reduce  conductfivfity.  Compressfive  stresses 

fimposed by poflymer shrfinkage can fincrease the finterpartficfle neck sfize 

vfia pressure-drfiven sfinterfing to fincrease the conductfivfity. Ffinaflfly, fit fis 

aflso  possfibfle  that  that  flong-term  temperature  hfistory  fimposed  on  the 

cfircufit by over-FFF causes temperature-finduced sfinterfing, whfich fin turn 

fincreases the conductfivfity. However, a quantfitatfive deflfineatfion of whfich 

specfific mechanfisms domfinate conductfivfity evoflutfion fin over-FFF fis not 

possfibfle at thfis pofint and fis outsfide the scope of thfis work. 

3.2. Mufltfiflayer IPL of through-pflane cfircufits 

3.2.1. Conductfivfity and process parameters 

IPL of through-pflane cfircufits was onfly finvestfigated for a NW:NS ratfio 

of  100:0  sfince  thfis  composfitfion  yfieflds  hfighest  conductfivfity  wfith  no 

thermafl  damage  for  pflanar  cfircufits.  The  mufltfiflayer  IPL  strategy  was 

used,  fin  whfich  the  NWs  constfitutfing  the  through-pflane  cfircufits  were 

deposfited fin flayers and IPL was performed after prfintfing of each such 

NW  flayer  (Ffig.  4a). The  fimpact  of  the  NW  flayer's  hefight  was  charac-

terfized by varyfing fit at H, H/4, H/5, H/6, H/8, where H fis the depth of 

the prfinted hofle fin whfich the through-pflane cfircufit fis created. Ffig. 14a 

shows that the optfimafl IPL fluence and the correspondfing conductfivfity 

depend sfignfificantfly on the hefight of the NW flayers. Smaflfler hefights of 

each NW flayer yfiefld greater conductfivfity wfith flesser fluence. NW flayer 

hefights of H and H/4 showed orders of magnfitude flower conductfivfity 

than those shown fin Ffig. 14 and are therefore not reported here. More 

than one puflse at the optfimafl fluence onfly resuflted fin a bflowoff-finduced 

reductfion fin conductfivfity (Ffig. 14b). No surface damage was seen for the 

optfimafl IPL parameters used for any of these NW flayer hefights. There-

fore the hfighest conductfivfity was obtafined wfith a NW flayer hefight of H/ 

8, puflse fluence of 3 J/cm2, and 1 IPL puflse. The correspondfing tfime 

needed  for  each  fintermfittent  IPL  step  fis  865 μs.  The  maxfimum  con-
ductfivfity  (7.2 ×104 S/m)  fis  2.7  tfimes  greater  than  exfistfing  hybrfid 

prfintfing whfich performs damage-free oven sfinterfing usfing flow sfinterfing 

temperature and flong sfinterfing tfime (2.7 ×104 S/m) [58]. Thus, the 

advantage of hfigher conductfivfity wfith a wfider poflymer materfiafl range fis 

aflso transflatabfle to through-pflane cfircufits. 

The  conductfivfity  of  these  through-pflane  cfircufits  fis  stfiflfl  orders  of 

magnfitude  flesser  than  buflk  Ag.  But Ffig.  14b  aflso  shows  an  order  of 

magnfitude fincrease fin conductfivfity when the thfickness of the NW flayer 

reduces by ≈1.6 tfimes, fi.e., from 300 μm fin the H/5 case to 187 μm fin the 
H/8 case. Commercfiaflfly avafiflabfle prfinters can deposfit NW networks as 

thfin as the cumuflatfive dfiameter of 3–4 NWs. Thfis woufld equate to a NW 

flayer thfickness of ≈300–400 nm for the NWs used fin thfis work. Based on 

the above observed reflatfionshfip between NW flayer thfickness and IPL- 

finduced  conductfivfity  fincrease,  thfis  order  of  magnfitude  reductfion  fin 

flayer  thfickness  coufld  resuflt  fin  much  hfigher  conductfivfity  than  that 

observed  wfith  a  sfimpfle  flab-made  prfintfing nozzfle  fin  thfis  paper. Thus, 

usfing commercfiaflfly avafiflabfle prfinters wfith greater thfickness resoflutfion 

fis a potentfiafl pathway to further fincreasfing the conductfivfity of through- 

pflane cfircufits. [61–63] The achfieved conductfivfity fis not compared to 

other sfinterfing methods here sfince these methods have not yet been used 

for through-pflane sfinterfing. However, the use of other sfinterfing methods 

wfith NW based  through-pflane cfircufits fis an finterestfing area of future 

work. 

3.2.2. Eflectron transfer fin pflanar and through-pflane cfircufits 

Ffigs.  15  and  16 show  representatfive  current  densfity  contours  for 

through-pflane  and  pflanar  cfircufits  wfith  the  converged  number  of  NW 

flayers (fi.e., thfirteen) and for dfifferent vaflues of artfificfiafl shrfinkage X. 

The  caflcuflated  ensembfle  conductfivfity  over  at  fleast  three  ensembfles, 

each wfith random NW orfientatfions, fis shown fin Ffig. 15c–d. At a gfiven X 

the conductfivfity for pflanar cfircufits fis much hfigher than that for pflanar 

cfircufits. Thfis reflects experfimentafl observatfions. The underflyfing reason 

can be observed from the current densfity contours. For pflanar cfircufits 

(Ffig.  15

(a) (b) 

(c) (d) 

A/m2

A/m2

b)  the  maxfimum  current  densfity  occurs  prfimarfifly  aflong  the 

flength of the NWs. Thfis findficates that more eflectrons pass through the 

flength of NWs rather than finter-NW necks. Sfince finter-NW necks act as 

Ffig. 16.Current densfity contours for through-pflane conductfion wfith (a) X =0.2 nm (b) X =0.3 nm; for pflanar conductfion wfith (c) X =0.2 nm (d) X =0.3 nm.  
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bottlenecks for electron flow the conductivity is higher. For through- 
plane circuits there are relatively fewer NWs through the length of 
which electrons pass (Fig. 15a). Instead the current density is largely 
concentrated at inter-NW necks since electrons must pass through the 
height of the NW ensemble. Thus the conductivity of through-plane 
circuits is higher since electrons must pass through greater number of 
bottlenecks in the form of inter-NW necks rather than pass through the 
length of the NW. The conductivity also increases with X, i.e., sintering, 
but levels off after a certain amount of sintering (Fig. 15c–d). 

3.2.3. Effect of multi-layer IPL 
The peak temperature of the top surface of the circuit predicted by 

the thermal FEA was validated against experimental measurements for a 
NW layer height of H (i.e., equal to hole height). Fig. 17a shows that the 
predictions and experiments agree well with each other with a 
maximum error of ≈5 %. Fig. 17b–d show the temperature distribution 
along the height of the circuit at the point of time when the top surface of 
the latest deposited NW layer reaches its maximum temperature. This 
spatial temperature distribution is shown for each deposited NW layer 
and for layer heights of H/4 (Fig. 17b), H/6 (Fig. 17c), and H/8 
(Fig. 17d), with the optimal experimentally identified IPL parameters. 

Fig. 17e shows the height along the z-axis along which the temperature 
is reported. 

Sintering between NWs depends on the temperature history that the 
ensemble is exposed to. To illustrate the impact of multi-layer IPL and 
NW layer height on the temperature history Fig. 17b–d examine the 
temperature at an arbitrary fixed point along the height of the through- 
plane circuit, i.e., at z = 0.9 mm. Lesser layer height exposes this point to 
higher peak temperature, e.g., ≈60 ◦C for H/4, ≈80 ◦C for H/6, ≈90 ◦C 
for H/8. This same point also gets exposed to more repetitive tempera
ture rise when smaller NW layer heights are used, i.e., the temperature 
rises by two times for H/4, three times for H/6, and four times for H/8. 
This combination of higher peak temperature and more repetitive 
exposure to an elevated temperature is the reason why a smaller nano
particle layer height results in greater conductivity for a through-plane 
circuit. The observed temperature evolution is despite the fact that a 
smaller NW layer height causes a greater area of the inner polymer 
surface of the hole to be exposed directly to IPL light, so that the amount 
of light reaching the NW layer is reduced. 
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Fig. 17. (a) Comparison of experimental and predicted peak temperature on the top surface of the circuit for a NW layer height of H. Layer-specific temperature 
along the height z of the through-plane circuit for NW layer heights of (b) H/4 (c) H/6 (d) H/8. (e) Schematic showing direction of height z where x = 1–8. 
Temperature profile is shown at the point of time when the top surface of the NW layer reaches its maximum temperature. 
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3.3. Exempflar structurafl eflectronfics 

Two exampfles are used to demonstrate the potentfiafl of FLAME  to 

fabrficate functfionafl structurafl eflectronfics consfistfing of off-the-sheflf de-

vfices connected by fuflfly 3D cfircufits finsfide 3D prfinted parts. In both cases 

the  hefight  of  the  through-pflane  cfircufits  fis ≈6–8  mm.  The  eflectrficafl 

connectfion  between  the  cfircufits  and  off-the-sheflf  devfices  was  made 

usfing a smaflfl amount of PELCO hfigh performance sfiflver paste consfistfing 

of sfiflver flakes. Thfis paste was appflfied wfith a brush at the cfircufit-pfin 

finterface and aflflowed to dry for 30 mfin at room temperature so that fit 

became eflectrficaflfly conductfive. The first exampfle consfists of a 3D cfircufit 

wfith a Lfight Emfittfing Dfiode (LED) and a Lfight Dependent Resfistor (LDR) 

connected fin serfies wfith a 3 V battery (Ffig. 18a). The LDR (NSL 6112, 

Dfigfikey)  and  the  LED  are  mounted  externaflfly  whereas  the  battery  fis 

embedded  finsfide  the  3D  prfinted  ABS  part  (Ffig.  18b).  The  LDR  has  a 

resfistance of 150–400 Ω when exposed to flfight and a resfistance of 30–50 

MΩ fin the dark. The flfight source was a 60-watt fincandescent flfight buflb 

wfith 800 flm fintensfity kept 1 ft away from the fabrficated part. Thus, the 

LED turns on when the LDR fis exposed to flfight but turns off fin the dark, 

actfing as a flfight sensor (Ffig. 18c). 

The  second  exampfle  consfists  of  an  Ardufino  Nano  mficrocontroflfler 

connected to a Bosch BNO055 gyroscope sensor wfith through-pflane and 

pflanar cfircufits (Ffig. 19a). The output of thfis gyroscope-controflfler cfircufit 

fis the dfispflacement vector fin mutuaflfly orthogonafl dfirectfions reflatfive to 

the start of measurement. The dfispflacement magnfitude fis reported for 

ten arbfitrary changes fin the part's posfitfion fin the pflane of the tabfle on 

whfich the part was kept. These posfitfions are quantfified as P1–P10. The 

abfiflfity  of  the  gyroscope  to  change  fits  output  sfignafls  for  based  on  a 

change  fin  part  posfitfion  fis  sufficfient  to  demonstrate  the  abfiflfity  of  the 

FLAME-fabrficated 3D cfircufits to functfionaflfly connect the gyroscope and 

the controflfler, whfich fis the goafl of thfis demonstratfion. Sfince we do not 

afim not to measure or test the accuracy or vendor-fabrficated functfion-

aflfity of the gyroscope, a more finvoflved caflfibratfion of the gyroscope's 

posfitfion  agafinst  an  externafl  posfitfion  measurement  system  fis  not  per-

formed here. Ffig. 19b shows the gyroscope embedded fin a prfinted cavfity 

fin  the  3D  part  and Ffig.  19c  shows  the  measured  magnfitude  of  the 

dfispflacement  vector  as  thfis  fintegrated  structurafl  eflectronfic  devfice  fis 

manuaflfly moved around. These exampfles show how FLAME can expand 

the geometrfic or structurafl functfionaflfity of a 3D prfinted poflymer part 

vfia off-the-sheflf eflectrficafl components. 

4. Concflusfion 

Thfis  work  deveflops  an  advanced  varfiant  of  nanopartficfle-based 

hybrfid  prfintfing  of  structurafl  eflectronfics  caflfled  Fflash  Lfight  Assfisted 

Manufacturfing of 3D structurafl Eflectronfics (FLAME). The use of NWs, 

whfich are 1D fin nature as compared to NSs whfich are 0D nanopartficfles, 

combfined wfith the use of IPL mfitfigates poflymer damage by reducfing the 

peak sfinterfing temperature whfifle concurrentfly fincreasfing the conduc-

tfivfity. The fact that the sfinterfing tfime fis on the order of a second or two 

even over a reflatfivefly flarge area of 1 ft ×1 fin. aflflows IPL to be seamflessfly 

fintegrated wfith 3D prfintfing and NW prfintfing wfithout a sfignfificant fin-

PC: Pflanar cfircufit 
TPC: Through-pflane cfircufit 
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PC 
Embedded battery 
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(b)
(c)

Battery 
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3D prfinted 
part 
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crease fin the totafl fabrficatfion tfime. 

For pflanar cfircufits, the post-IPL conductfivfity fis 1/8th that of buflk Ag, 

3.5 tfimes hfigher than the maxfimum conductfivfity wfith exfistfing hybrfid 

prfintfing processes, and 2.2 tfimes hfigher than the conductfivfity of flfiqufid 

metafl cfircufits. The conductfivfity of pflanar cfircufits evoflves fin a compflex 

manner durfing over-FFF, fi.e., durfing FFF based deposfitfion of poflymer on 

Ffig.  18.The  LDR-based  structurafl  eflectronfics  devfice  fabrficated  wfith  FLAME  (a)  schematfic  of  dfifferent  eflements  of  the  devfice  (b)  fabrficated  devfice  (c)  de-

vfice operatfion. 
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to post-IPL pflanar cfircufits. Thfis evoflutfion depends sfignfificantfly on the 

FFF veflocfity and the poflymer materfiafl as weflfl as on the NW content and 

the performance or the omfittance of IPL. The conductfivfity of the cfircufit 

after over-FFF fincreases even above the post-IPL conductfivfity to wfithfin 

7.5 tfimes flesser than that of buflk sfiflver. 

FLAME aflso fincreases the conductfivfity of through-pflane cfircufits by 

2.7 tfimes as compared to state-of-the-art hybrfid prfintfing methods. The 

key to reaflfizfing thfis advance fis mufltfi-flayer IPL, whfich aflflows a gfiven 

flocatfion  fin  the  through-pflane  cfircufit  to  be  exposed  to  a  greater  peak 

temperature and a more repetfitfive temperature hfistory. Thfis, fin turn, 

reaflfizes greater sfinterfing and, therefore greater conductfivfity through the 

hefight of a through-pflane cfircufit as compared to IPL wfith just one NW 

flayer.  The  eflectromagnetfic  sfimuflatfions  show  that  the  conductfivfity  of 

through-pflane  cfircufits  fis  flesser  than  that  of  pflanar  cfircufits  sfince  the 

eflectrons have to pass through more finter-NW necks fin through-pflane 

cfircufits  as  compared  to pflanar  cfircufits.  Whfifle  the  conductfivfity of  the 

through-pflane cfircufits fis stfiflfl flesser than buflk Ag, Ffig. 14b findficates that 

further reductfions fin the NW flayer hefight for mufltfi-flayer IPL vfia the use 

of hfigher resoflutfion NW prfinters may enabfle much greater fincreases fin 

conductfivfity. These findfings show the fimportance of usfing the appro-

prfiate  nanopartficfle  shape,  and  usfing  mufltfi-flayer  IPL,  for  scaflabfly 

breakfing the conductfivfity-damage-throughput tradeoff fin hybrfid prfint-

fing  of  3D  structurafl  eflectronfics.  Further,  the  devfice  demonstratfions 

show the abfiflfity to augment the structurafl or geometrfic functfionaflfity of 

a 3D prfinted part wfith addfitfionafl capabfiflfitfies. 

Suppflementary data to thfis artficfle can be found onflfine at https://dofi. 

org/10.1016/j.jmapro.2022.08.003. 
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