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Abstract 

Additive manufacturing is a pronusmg technology to realize in-space manufacturing and long-duration manned space nuss1ons. 

Electrohydrodynamic (EHD) printing is an emerging additive manufacturing technology that offers high resolution and compatibility with a wide 
range of materials. A unique feature of EHD printing is that it does not rely on gravity for printing; instead, it uses a high electric field to induce 

fluid flows from micro capillary nozzles. Although gravity is not a determining factor in EHD printing, it can influence the printing process and 

performance. To make EHD printing a viable technology adaptable to different printing orientations and gravity magnitudes, it is essential to 
tmderstand the effect of gravity on EHD printing. In this article, the effect of gravity on EHD printing of silver nanoparticle (AgNP) based ink 

and polycaprolactone dissolved in glacial acetic acid (PCL-GAA) ink were studied. Three printing orientations denoted as traditional, horizontal, 
and vertical setups were constructed in which the angle between the jetting direction and gravity direction were maintained at 0°, 90°, and 180° ,

respectively. The influence of gravity on critical voltage and printing resolution were studied through theoretical, experimental, and computational 
analyses. Results indicate that gravity has a noticeable impact on critical voltage and printing resolution. Compared with the traditional setup, the 

critical voltages are 5% and 10-25% higher, and the dimensions of printed patterns are 6-40% and 18-350% larger in the horizontal and vertical 
setups, respectively. 
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1. Introduction

Additive manufactming (AM), also known as 3D printing, 

is a technology where parts are manufactured through 

depositing materials sequentially layer by layer. The high level 

of design flexibility, simple processing, and zero waste of AM 

make it well-suited for in-space manufacturing and long­

duration manned space missions. Organizations such as the 

National Aeronautics and Space Administration (NASA) and 

European Space Agency (ESA) have attempted various 

implementations of AM for in-space manufacturing [l]. 

Electrohydrodynamic (EHD) printing is a high-resolution 

AM technology, in which a high electric field between the 

printing nozzle and the printing substrate causes the meniscus 

to deform into a conical shape known as Taylor cone [2], 

resulting in a printing resolution smaller than the nozzle's 

diameter [3-5]. Additionally, a key advantage ofEHD printing 

is its ability to print inks with a broad range of viscosity from 

1 to 1000 mPa·s and even over 20,000 mPa·s, whereas 

traditional inkjet printing can only print inks with viscosities of 

1-10 mPa·s [6,7]. The high resolution and wide range of

printable materials of EHD printing make it highly suitable for

in-space manufacturing [8,9]. Another unique feature that

makes EHD printing an excellent candidate for in-space

manufacturing is that it does not rely primarily on gravity for

printing; instead, it uses a high electric field to induce fluid

flows from micro capilla1y nozzles.

A few pioneering studies have been conducted to explore 

the possibility of zero-gravity and anti-gravity EHD printing. 

Kirscht et al. [10] investigated the possibility of EHD printing 
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i n z er o- gr a vit y e n vir o n m e nt  b y c o n d u cti n g  t est o n a p ar a b oli c 
fli g ht. U n d er z er o- gr a vit y c o n diti o ns, E H D pri nti n g m ai nt ai n e d 
a  st a bl e  T a yl or  c o n e  j et,  s h o wi n g  t h at  el e ctri c  f or c es  al o n e 
c o ul d  c o ntr ol m at eri al j etti n g  e v e n wit h o ut  gr a vit y. H o w e v er, 
i n  z er o- gr a vit y, hi g h er  el e ctri c  fi el ds  w er e  n e e d e d  t o pr o d u c e 
t h e  s a m e  pri nt  r es ol uti o n  as  o n  E a 1t h, d u e  t o  t h e  a bs e n c e  of 
gr a vit ati o n al i nfl u e n c e  o n i n k fl o w. Q u et al.  [ 1 1] i n v esti g at e d 
t h e  c o n diti o ns  n e e d e d  f or  E H D  pri nti n g  i n  t h e  a nti- gr a vit y 
e n vir o n m e nt. T h e st u d y d e m o nstr at e d t h at E H D pri nti n g c o ul d 
o p er at e eff e cti v el y i n a n a nti- gr a vit y s et u p, w h er e hi g h- v olt a g e 
el e ctr ost ati c f or c es e n a bl e st a bl e j etti n g  a g ai nst t h e dir e c.ti o n of 
gr a vit y. 

I n  t h e  e xisti n g  st u di es  of  E H D  pri nti n g,  t h e  gr a vit ati o n al 
f or c e h as g e n er all y b e e n n e gl e ct e d d u e t o its li mit e d  i nfl u e n c e 
w h e n  c o m p ar e d  wit h  otl 1 er f or c es  [ 1 2]. W hil e  e vi d e n c e  fr o m 
el e ctr os pi mii n g (t h e t e c h n ol o g y wi n c h E H D pri nti n g r eli es o n) 
s h o ws t h at gr a vit y h as a n oti c e a bl e i m p a ct o n v ari o us pri nti n g 
v ari a bl es,  s u c h  as  t h e  s h a p e  of t h e  T a yl or  c o n e  [ 1 3]  a n d t h e 
di a m et er  of  pri nt e d  fil a m e nts  [ 1 4].  T o  m a k e  E H D  pri nti n g  a 
vi a bl e  t e c h n ol o g y  t h at  c a n  a d a pt  t o  diff er e nt  pri nti n g 
ori e nt ati o ns  a n d  gr a vit y  m a g nit u d es  ( e. g.,  i n-s p a c e,  M o o n, 
M ars, et c.), it is ess e nti al t o u n d erst a n d t h e i nfl u e n c e of gr a vit y 
a n d d e v el o p c. oI T es p o n di n g c o ntr ol str at e gi es t o c o u nt er b al a n c e 
t h e i nfl u e n c e. 

I n  t his aiti cl e, w e  i n v esti g at e d  t h e i nfl u e n c e  of  gr a vit y  o n 
E H D  pri nti n g  of  sil v er  n a n o p arti cl e  ( A g N P)  b as e d  i n k  a n d 
p ol y c a pr ol a ct o n e  diss ol v e d  i n gl a ci al a c eti c  a ci d  ( P C L- G A A) 
i n k.  T hr e e  pri nti n g  ori e nt ati o ns,  d e n ot e d  as  tr a diti o n al, 
h ori z o nt al,  a n d v erti c al  s et u ps, w e T e c o nstr u ct e d i n w hi c h  t h e 
a n gl es b et w e e n t h e j etti n g dir e cti o n a n d t h e dir e cti o n of gr a vit y 
ar e 0, 9 0, a n d  1 8 0 d e gr e es, r es p e cti v el y. First of all, t h e i m p a ct 
of  gr a vit y  w as  i n v esti g at e d  t h e or eti c all y  b y  a n al y zi n g  t h e 
e q uili bri u m of el e ctr ost ati c f or c e, s urf a c e t e nsi o n, a n d gr a vit y. 
S e c o n dl y,  E H D  pri nti n g  e x p eri m e nts  of A g N P  a n d  P C L  i n ks 
w er e c o n d u ct e d i n t hr e e diff er e nt s et u ps t o q u a ntit ati v el y st u d y 
t h e  i nfl u e n c e  of  gr a vit y  o n  criti c al  v olt a g e  a n d  pri nti n g 
r es ol uti o n.  Fi n all y,  fi nit e  el e m e nt  a n al ysis  ( F E A)  w as 
c o n d u ct e d usi n g C O M S O L t o f urt h er v ali d at e t h e r es ults. 

2. T h e o r eti c al  A n al ysis 

2. 1 T h e or eti c al m o d el of E H D pri nti n g 

I n E H D pri nti n g,  t h e pri nti n g i n k is pri n mil y dri v e n b y t w o 
c at e g ori es of  f or c es t h at a ct o n t h e m e nis c us.  T h e first t y p e of 
f or c es  ar e  t h os e tli at pr o m ot e  tl 1 e j etti n g  pr o c ess  t o w ar ds  t h e 
s u bstr at e,  s u c h  as  el e ctr ost ati c  f or c e,  a n d  t h e  s e c o n d  t y p e  of 
f or c es  ar e t h os e  t h at r esist  t h e j etti n g  pr o c ess  s u c h as s urf a c e 
t e nsi o n  a n d  vis c o us  f or c e  [ 1 5].  D e p e n di n g  o n  t h e  pri nti n g 
ori e nt ati o n,  gr a vit y  c a n  a ct  as  a  pr o m oti n g  f or c e  (tr a diti o n al 
s et u p),  r esisti n g  f or c e ( v erti c al  s et u p),  or a p e 1 p e n di c ul ar si d e 
f or c e  t h at  h as  a n  eff e ct  o nl y  o n  t h e  tr aj e ct or y  of  t h e  j et 
( h ori z o nt al  s et u p).  I n  t his  st u d y,  t h e  "l e a k y- di el e ctri c  m o d el " 
pr o p os e d b y T a yl or a n d M el c h er is a d o pt e d  f or d es cri bi n g t h e 
E H D  p h e n o m e n o n  [ 1 6]. A  gr a p hi c al  d es cri pti o n  of  t h e f or c es 
a cti n g o n t h e m e nis c us  of E H D pri nti n g is ill ustr at e d i n Fi g. l. 

T a yl or's  l e a k y  di el e ctri c  m o d el  s u g g ests  t h at  el e ctri c  c h ar g es 
c o n c e ntr at e at t h e s urf a c e of t h e li q ui d at t h e n o z zl e ti p wit h o ut 
dis p ersi n g  i nt o  t h e  s uI T ot m di n g air. T h e  a p pli e d  el e ctri c  fi el d 
cr e at es  a n  el e ctri c  f or c e  t o w ar ds  t h e  s u bstr at e.  T h e  s urf a c. e 
t e nsi o n  r esisti n g  t h e  j et  is  c ot mt er b al a n c e d  b y  t h e  n or m al 

El e ctri c 

V 

Vis c osit y! 

Gr a vit y l 
N o z zl e 

S u bstr at e 

N o n n a! 
el e ct ri c  st r ess 

Fi g.  1. F or c es  a cti n g o n t h e m e nis c us  i n E H D pri nti n g. 

c o m p o n e nt  of  t h e  g e n er at e d  el e ctri c  str ess.  W h e n  t h e  n et 
pr o m oti n g  f or c es  ar e  gr e at er t h a n  t h e n et  r esisti n g  f or c es,  t h e 
pri nti n g  i n k is j ett e d  a n d  t h e  i n k m at eri al  is  d e p osit e d  o n  t h e 
s u bstr at e. 

2. 2 G o v er ni n g e q u ati o ns 

I n t his s e cti o n, w e pr es e nt t h e e q u ati o ns t h at g o v er n t h e E H D 
p h e n o m e n o n i n E H D pri nti n g. T h e i n k fl o w is d es cri b e d b y t h e 
c o nti n uit y  a n d  m o m e nt u m  e q u ati o ns,  als o  r ef err e d  t o  as  t h e 
N a vi er- St o k es  e q u ati o ns. F or a N e wt o ni a n  a n d i n c o m pr essi bl e 
fl ui d  w h os e  d e nsit y p a n d  vis c osit y µ ar e  b ot h  c o nst a nt,  t h e 
c o nti n uit y  a n d  m o m e nt u m- c o ns er v ati o n  e q u ati o ns  ar e  writt e n 
as f oll o ws [ 1 7- 2 0]: 

V. u = 0 

(£!!!. _ _, _ _,)- 2-- < p dt + u. V u - - V P + µ V u + F9 + F e + Fst 

( 1) 

( 2) 

w h er e u r e pr es e nts  fl ui d  v el o cit y. p,  P, a n d µ r e pr es e nt  t h e 
d e nsit y, pr ess ur e, a n d vis c osit y, r es p e cti v el y. T h e t er ms F g, F e, 

a n d Fst d e n ot e  t h e  gr a vit ati o n al,  el e ctri c,  a n d  s urf a c e  t e nsi o n 
f or c es, r es p e cti v el y. A m o n g t h es e f or c es, tl 1 e el e ctr ost ati c f or c e 
F e c a n b e c al c ul at e d usi n g t h e M a x w ell e q u ati o n [ 2 1]: 

( 3) 

w h er e  t h e  t e 1 ms J M, q 8 , E, a n d e c orr es p o n d  t o !li e el e ctri c al 
str ess  t e ns or,  c h ar g e  i nt e nsit y,  el e ctri c  fi el d  v e ct or,  a n d 
p e 1 mitti vit y, r es p e cti v el y. 

A d diti o n all y,  t h e gr a vit ati o n al  f or c e F g a n d  s urf a c e t e nsi o n 
Fs 1 c. a n b e c al c ul at e d usi n g t h e f oll o wi n g e q u ati o ns [ 2 2]: 

F g = P B 

Fst = a K'il.fi. 

( 4) 

( 5) 

w h er e § d e n ot es  t h e  gr a vit ati o n al  a c c el er ati o n,  a n d a, K, fi. 

st a n d  f or  t h e  c o effi ci e nt  of  s urf a c e  t e nsi o n,  t h e  s urf a c e 
c ur v at ur e, a n d t h e t mit n o n n al  v e ct or of t h e s urf a c e. 

T o  eff e cti v el y  tr a c k  t h e  d y n a mi c  li q ui d- air  i nt erf a c e,  t h e 
l e v el s et ( L S) m et h o d  is utili z e d. I n t his a p pr o a c h, a t hi n l a y er 
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c h ar a ct eri z es  t h e  i nt erf a c e,  w h er e  t h e  p h ysi c al  pr o p e 1t y 
tr a nsiti o n  fr o m t h e li q ui d p h as e  t o t h e  g as p h as e o c. c ms. T his 
m et h o d  utili z es  t h e  n o n- c o ns er v ati v e  f o n n  t o  r e pr es e nt  t h es e 
v ari ati o ns, as e x pr ess e d b y t h e f oll o wi n g e q u ati o ns [ 2 3]. 

P = P a + C P 1 - P a F/ J 
E = E a + ( E 1 - E a)(/) 

µ = µ a + ( µ 1 - µ a)(/) 

( 6) 
( 7) 
( 8) 

w h er e t h e s u bs cri pts "f' a n d " a " ai e us e d t o d e n ot e t h e li q ui d 
a n d g as p h as es,  r es p e cti v el y.  T h e  t er m (I) is  i ntr o d u c e d  as  t h e 
l e v el-s et f u n cti o n. F mt h er m or e, p, e, a n d µ r ef er t o t h e d e nsit y, 
el e ctri c. p e 1 mitti vit y, a n d vis c osit y, r es p e cti v el y. 

2. 3 I nfl u e n c e  of gr a vit y  o n E H D pri nti n g 

Gi v e n t h e i ntri c a c y of t h e p h ysi c.s i n v ol v e d i n E H D p 1i nti n g, 
m ost  E H D  pri nti n g  m o d els  ar e  b as e d  o n  s c ali n g  l a ws  t h at 
est a blis h es  t h e r el ati o ns hi p b et w e e n pri nti n g p ar a m et ers  ( e. g., 
v olt a g e,  p 1i nti n g  s p e e d)  a n d  pri nti n g  v a 1i a bl es  ( e. g.,  j et 
di a m et er,  fr e q u e n c y)  [ 1 2, 2 4- 2 5].  S c ali n g  l a ws c a n  b e a p pli e d 
t o fi n d t h e r el ati o ns hi p b et\ v e e n gr a vit y a n d p 1i nti n g r es ol uti o n. 
W a n g's t h e or y [ 2 6]  pr o p os e d a n e m piri c al f o 1 m ul a t h at r el at es 
t h e pri nti n g wi dt h ( d) t o gr a vit y ( g): 

( 9) 

w h er e  t h e  t e n ns p, Q, F µ, q e, V, r e, H, g r e pr es e nt  t h e  d e nsit y, 
i n n er  li q ui d v ollllll e, vis c o us  f or c. e, c h a 1· g e i nt e nsit y  of  fr e e 
c h ar g es, a p pli e d  el e ctri c p ot e nti al,  i u n er r a di us  of  t h e  n o z zl e, 

p 1i nti n g dist a n c e,  a n d  gr a vit y,  r es p e cti v el y.  Fr o m  t h e  a b o v e 
e q u ati o n,  it  c a n  b e  o bs er v e d  t h at  t h e  p 1i nti n g  wi dt h  or 
r es ol uti o n  h as a n i n v ers e r el ati o n  wit h vis c o us  f or c e, v olt a g e, 
a n d gr a "it y. I n  t h e  c as e  of  t h e  t hr e e  s et u ps  i n  tl 1is st u d y,  t h e 
m a g nit u d e of gr a vit y c o ntri b uti n g t o t h e j etti n g  pr o c ess c a n b e 
p ositi v e (tr a diti o n al s et u p), z er o ( h o 1i z o nt al s et u p), or n e g ati v e 
( v e 1ti c al s et u p). A cl os er e x a mi n ati o n  of t his e q u ati o n  r e v e als 
t h at a p ositi v e g i n  t h e tr a diti o n al  pri nti n g dir e cti o n l e a ds  t o a 
s m all er  pri nti n g  wi dt h,  c o m p ar e d  wit h  a  n e g ati v e g i n  t h e 
v erti c al  s et u p a n d a z er o g i n  t h e h ori z o nt al  s et u p. T h er ef or e, 
f or E H D pri nti n g,  it c a n b e e x p e ct e d t h at a gr a "it ati o n al f or c e 
al o n g t h e j etti n g  dir e cti o n will  i n cr e as e t h e pri nti n g r es ol uti o n, 
w hil e  a  gr a vit ati o n al  f or c e a cti n g a g ai nst  t h e j etti n g  dir e cti o n 
will d e cr e as e t h e pri nti n g r es ol uti o n. 

T h e  E H D  pri nti n g  pr o c ess  is  b as e d  o n  t h e  i nt er a cti o n  of 
pr o m oti n g  f or c es  a n d  r esisti n g  f or c es,  a n d  j etti n g  h a p p e ns 
w h e n  t h e  pr o m oti n g  f or c es  o v er c o m e  t h e  r esisti n g  f or c es. 
B ef or e t his st a g e, t h er e is a p oi nt w h er e e q uili brilllll is r e a c h e d 
b et w e e n  t h e pr o m oti n g  a n d  r esisti n g  f or e. es. T his l e a ds  t o  t h e 
f or m ati o n of t h e T a yl or  c o n e at  t h e n o z zl e  ti p. T h e  mi ni m u m 
v olt a g e  r e q uir e d  t o  f 0 1 m t h e  T a yl or  c o n e  is  k n o w n  as  t h e 
' criti c al  v olt a g e'.  D e p e n di n g  o n  t h e  p 1i uti n g ori e nt ati o n,  t h e 
c o m p o n e nt  of  t h e  gr a vit ati o n al  f or c e  i n  t h e j etti n g  dir e cti o n 
c o ul d b e p ositi v e,  n e g ati v e,  or z er o (s h o w n i n Fi g. 2).  H e n c e, 
t h e  el e ctr ost ati c. f or c e  r e q uir e d  t o  c o u nt er b al a n c e  t h e s mf a c e 
t e nsi o n w o ul d v ar y wit h t h e ori e nt ati o n of t h e s et u p. I n t h e c as e 
of  t h e  tr a diti o n al  s et u p,  t h e  gr a vit ati o n al  f or c e  is  p ositi v e; 
h e u c. e, t h e  r e q uir e d  el e ctr ost ati c  f or c e  t o  c ot mt er b al a n c e  t h e 
s urf a c e  t e nsi o n w o ul d  b e l o w er. F or  t h e v e 1ti c. al s et u p, hi g h er 
el e c u· ost ati c f or c e  is  r e q uir e d  d u e  t o  t h e  r esisti v e  i m p a ct  of 

F• 

f 

F, 

t F, F• 

l f, ~ F 5 F, F 5 + F:,; 

( a) ( b) ( c) 

Fi g.  2.  S c h e m ati c  of  t h e  t hr e e pri nti n g ori e nt ati o ns i n t his  st u d y:  a) 

tr a diti o n al  s et u p; b) h ori z o nt al  s et u p; a n d  c) v erti c al  s et u p. 

gr a vit y.  F or  tl 1 e h ori z o nt al  s et u p,  t h e dir e cti o n of gr a "it y is 
p er p e n di c ul ar  t o  t h e  j etti n g  dir e cti o n;  h e n c e,  gr a vit y  h as  u o 
dir e ct i nfl u e n c e o n t h e m a g nit u d e  of criti c al v olt a g e. 

A c c or di n g  t o  E q.  ( 3),  f or  m at e 1i als  wit h  t mif o n n 
p er mitti vit y, t h e m a g nit u d e of t h e el e ctri c f or c e is pr o p orti o n al 
t o t h e a p pli e d  el e ctri c. fi el d. I n E H D pri nti n g,  t h e r el ati o ns hi p 
b et w e e n  t h e  m a g nit u d e  of  t h e  el e ctri c  fi el d  a n d  t h e  a p pli e d 
v olt a g e c. a n b e e x pr ess e d b y t h e e q u ati o n [ 2 7]: 

E _ _ 2 _ v _ 
- 4 H) 

r ei n,:;-
( 1 0) 

i n w hi c h E, V, r e, a n d H  c orr es p o n d t o t h e el e ctri c fi el d, a p pli e d 
v olt a g e,  i u n er  r a di us  of  t h e  n o z zl e,  a n d  st a n d off  dist a n c e, 
r es p e cti v el y. 

T h e criti c al v olt a g e is a u i m p o 1t a nt pr o c ess v ari a bl e i n E H D 
pri nti n g, w hi c h is t h e mi ni m u m v olt a g e r e q uir e d t o i niti at e t h e 
j etti n g  pr o c ess.  B as e d  o n E qs.  ( 3) a n d ( 1 0),  it c a n b e d e d u c e d 
t h at gr a vit y als o h as a n i nfl u e n c e  o n t h e m a g nit u d e  of criti c. al 
v olt a g e.  F or  t h e  tr a diti o n al  s et u p,  gr a vit y  a cts  al o n g wit h  t h e 
el e ctr ost ati c  f or c e  t o  o v er c o m e  t h e  r esisti v e  f or e. es s o  t h at  a 
l o w er criti c. al v olt a g e  is n e e d e d. F or t h e v erti c al s et u p, gr a vit y 
a cts  a g ai nst  t h e  pri nti n g  dir e cti o n,  h e n c e  a  hi g h er  criti c. al 
v olt a g e is r e q uir e d t o o v er c o m e t h e e n h a n c e d o v er all r esisti v e 
f or c e. F or t h e h ori z o nt al s et u p, t h e m a g nit u d e of criti c al v olt a g e 
s h o ul d b e b et w e e n t h os e of tr a diti o n al a n d v e 1ti c. al s et u ps. 

Z m oti o n  st a g e 

P 1i nti n g s u bstr at e 

X Y  m oti o n st a g e 

Fi g. 3.  S c h e m ati c  of t h e e x p eri m e nt al  s et u p  ( v erti c al  ori e nt ati o n). 

3. E x p e ri m e nt al R es ults 

3. 1 M at eri als 

I n t his st u d y, a c. 0 1 m n er ci al A g N P i n k ( M et al o n J S- Al 0 2 A, 
4 0 wt. % A g) w as p ur c h as e d fr o m N o v a C e utri x, T X, U S A. P C L 
( M w =  5 0, 0 0 0)  w as p m c h as e d fr o m  S ci e ntifi c  P ol y m er 
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( a) 

•  • • • • • • • 

S O O u m - S O O u m -

( b) ( c) 

S O O u m -
Fi g.  4. EII D- pri nt e d A g N P  dr o pl ets i n a) tr a diti o n al;  b) h ori z o nt al;  a n d  c) v erti c al  s et u ps u n d er t h e  s a m e e x p eri m e nt al c o n diti o ns. 

1 1 0 0 

1 0 5 0 

1 0 0 0 

(I) 
0) 

!'l 
g 9 5 0 

.. 
0 9 0 0 

8 5 0 

Tr a dtti o n al H ori z o nt al 

S et u p Ori e nt ati o n s 

V erti c al 

Fi g. 5. C o m p aris o n  of  t h e  criti c al  v olt a g e  i n EII D pri nti n g  of  A g N P i n k i n 
tr a diti o n al,  h ori z o nt al  a n d v erti c al  s et u ps. 

Pr o d u cts I n c. N Y, U S A. G A A ( 9 9 %) w as p ur c h as e d  fr o m L a b 
All e y, T X, U S A. All m at eri als w er e us e d as r e c ei v e d.  1 5 wt. % 
P C L- G A A  s ol uti o n w as  pr e p ar e d  b y diss ol vi n g P C L i n  G A A 
a n d  m a g n eti c all y  stirri n g  t h e  s ol uti o n  f or  1 2 h o urs.  T h e  t w o 
i n ks  w er e  s el e ct e d  d u e  t o  t h eir  disti n ct  vis c ositi es  a n d 
a p pli c ati o ns. A g N P i n k, pri nt e d i n dr o pl et m o d e, is c o m m o nl y 
us e d t o pri nt  el e ctr o ni cs. P C L- G A A, pri nt e d  i n c o nti n u o us j et 
m o d e,  h as  b e e n  s u c c essf ull y  us e d  t o  pri nt  mi cr os c al e  3 D 
st m ct m es. 

3. 2 E x p eri m e nt al  s et u p 

T h e s c h e m ati c of t h e e x p eri n 1 e nt al s et u p is s h o w n i n Fi g. 3. 
T h e E H D pri nti n g s yst e m us e d i n t his st u d y c o nsists of a n X Y Z 
m oti o n  st a g e,  a  hi g h- v olt a g e  p o w er  s u p pl y,  a  p n e u m ati c 
dis p ersi n g  s yst e m,  a n d  a n  o pti c al  mi cr os c o p y  s yst e m  f or 
pr o c ess  m o nit ori n g.  T h e  X Y Z  m oti o n  st a g e  c o nsists  of  t hr e e 
pr e cisi o n  li n e ar m ot ors,  w hi c h  c a n  tr a v el  u p t o  2 5 0  m m,  2 5 0 
m m,  a n d  8 0  m m  i n  X,  Y,  a n d  Z  dir e cti o ns  wit h  a  m oti o n 
r es ol uti o n  l ess  t h a n  1  µ m.  A  w a v ef or m  g e n er at or  ( Ri g o! 
D G 8 2 2)  w as  us e d  t o  pr o vi d e  t h e  n e c ess ar y  el e c.tri c al si g n al, 
w hi c h is  a m plifi e d b y  a hi g h- v olt a g e  p o w er  s u p pl y ( St a nf or d 
R es e ar c h  S yst e ms,  P S- 3 5 0).  A  pr o gr a m m a bl e  s yri n g e  p u m p 
( S yri n g e O N E, N E- 1 0 1 0) w as us e d t o p u m p t h e pri nti n g s yri n g e 
a n d s u p pl y a c o nst a nt  fl o w r at e w hil e m o vi n g t h e i n k t hr o u g h 
t h e c o n n e cti n g t u b es t o t h e pri nti n g n o z zl e. N o z zl es wit h i n n er 
di a m et ers of 0. 1 6  m m  a n d  0. 5 2 m m  w er e us e d f or dis p e nsi n g 
t h e A g N P i n k a n d t h e P C L- G A A i n k, r es p e cti v el y. F or dr o pl et 
d e p ositi o n  of A g N P,  a v olt a g e  of  1. 6 k V, a  fr e q u e n c y  of  0. 3 

1 7 0 

1 6 0 

1 5 0 

E 
- = 1 4 0 .; 
.; 

1 3 0 
'i 5 
.; 
a. 1 2 0 
e 
0 

1 1 0 

1 0 0 

Tr a diti o n al H ori z o nt al V erti c al 

S et u p  Ori e nt ati o n s 

Fi g. 6. C o m p aris o n of t h e  dr o pl et  di a m et er of EII D- pri nt e d A g N P  dr o pl ets  i n 
tr a diti o n al,  h ori z o nt al  a n d v erti c al  s et u ps. 

H z, a n d a d ut y c y cl e of 4 0 % w er e a p pli e d. T h e pr o gr a m m a bl e 
s yri n g e p u m p w as utili z e d t o m ai nt ai n a c o nsist e nt fl o w r at e of 
3 µ L/ hr. A pri nti n g  s p e e d  a n d pri nti n g  dist a n c e of 5 m m/ mi n 
a n d  0. 2 5  m m  r es p e cti v el y  w er e  k e pt  c o nst a nt  t hr o u g h o ut  t h e 
e x p eri m e nt.  F or t h e P C L- G A A  i n k, t h e fl o w r at e  a p pli e d w as 
s et t o b e 0. 2 m L/ hr. T h e st a n d off dist a n c e w as k e pt c o nst a nt at 
1. 1 5  m m  a n d  t h e  pri nti n g  s p e e d  w as  m ai nt ai n e d  at  1 2 5 
m m/ mi n. A n el e ctri c p ot e nti al of 2. 4  k V m a g nit u d e w as a p pli e d 
f or t h e c o nti n u o us j et pri nti n g of t h e P C L- G A A i n k. 

3. 3 R es ults  a n d dis c ussi o n 

Fi g.  4  s h o ws  t h e E H D- pri nt e d  A g N P  dr o pl ets i n  t h e  t hr e e 
e x p eri m e nt al s et u ps.  Fi g. 5 s h o ws t h e r a n g e of criti c al v olt a g es 
r e q uir e d  f or  st a bl e  E H D  pri nti n g  of  A g N P  i n k  i n  t h e  t hr e e 
diff er e nt s et u ps. I n t h e tr a diti o n al s et u p, gr a vit y a cts al o n g wit h 
t h e  el e ctr ost ati c  f or c e  t o  o v er c o m e  s urf a c e  t e nsi o n,  t h us 
r e q uiri n g  t h e  l o w est  v olt a g e  r a n g e  fr o m  8 0 0  t o  9 7 5  V.  T h e 
h ori z o nt al ori e nt ati o n r e q uir es a sli g htl y hi g h er criti c al v olt a g e, 
r a n gi n g  fr o m  8 5 0 t o  1 0 2 5 V.  T h e  v erti c al  s et u p  r e q uir es  t h e 
hi g h est  criti c. al v olt a g e,  r a n gi n g  fr o m  8 7 5  t o  1 0 7 5  V.  T h e 
a v er a g e  criti c al  v olt a g e  f or  t h e  tr a diti o n al,  h ori z o nt al  a n d 
v e 1 1i c al s et u ps ar e 8 8 5 V, 9 3 0 V, a n d 9 8 1 V, r es p e cti v el y. Fi g. 
6 c o m p ar es t h e di a m et er of pri nt e d A g N P dr o pl ets i n t h e t hr e e 
diff er e nt  s et u ps  u n d er  t h e  s a m e  e x p eri m e nt al  c o n diti o ns  as 
d es cri b e d i n S e cti o n 3. 2. T h e r es ults r e v e al disti n ct diff er e n c es 
i n  dr o pl et  si z e  b as e d  o n s et u p  ori e nt ati o ns.  I n  t h e  tr a diti o n al 
s et u p, tl 1 e a v er a g e  dr o pl et di a m et er w as  t h e s m all est at  1 1 1. 4 7 
µ m.  T h e  h ori z o nt al  s et u p  yi el d e d  a  sli g htl y  l ar g er  a v er a g e 
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( a) ( b) 

Fi g. 7. T a yl or c o n e of E H D pri nti n g  of t h e P C L- G A A i n k  i n a) tr a diti o n al; b) h ori z o nt al;  a n d c) v erti c al  s et u ps u n d er t h e  s a m e ei < p eri m e nt al c o n diti o ns. 

( a) ( b) ( c) 

2 0 0 u m - 2 0 0 u m - 2 0 0 µ m -
Fi g. 8. E H D- pri nt e d  li n e s a m pl es usi n g t h e P C L- G A A i n k i n a) tr a diti o n al;  b) h ori z o nt al;  a n d c) v erti c al s et u ps u n d er t h e s a m e ei < p eri m e nt al c o n diti o ns. 

1 3 5 0 

1 3 0 0 

1 2 5 0 

1 2 0 0 
a, 

f; 1 1 5 0 
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<.) 

1 1 0 0 
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1 0 5 0 

1 0 0 0 

Tr a diti o n al H ori z o nt al V erti c al 
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Fi g.  9. C o m p aris o n  of t h e  criti c al  v olt a g e  i n E H D  pri nti n g  of P C L- G A A i n k i n 
tr a diti o n al, h ori z o nt al  a n d v erti c al s et u ps. 

dr o pl et di a m et er of 1 1 8. 5 5 µ m. T h e v erti c al s et u p d e p osit e d t h e 
l ar g est dr o pl ets, wit h a n a v er a g e di a m et er of 1 3 1. 9 4 µ m. 

Mi cr o gr a p hs  of t h e T a yl or  c o n e f or t h e  t hr e e s et u ps i n  t h e 
E H D pri nti n g of P C L- G A A  i n k ar e pr es e nt e d i n Fi g. 7. I n t h e 
tr a diti o n al s et u p, t h e T a yl or c o n e is m or e el o n g at e d d u e t o t h e 
i nfl u e n c e  of gr a vit y  a cti n g al o n g  t h e pri nti n g  dir e cti o n. I n  t h e 
h ori z o nt al s et u p, t h e T a yl or c o n e is sli g htl y as y m m etri c, w hi c h 
is  c a us e d  b y  gr a vit y a cti n g p er p e n di c ul ar  t o  t h e  fl o w.  I n  t h e 
v e 1ti c al s et u p, w h er e t h e i n k m o v es u p w ar d a g ai nst gr a vit y, t h e 
T a yl or c o n e is m or e c o m pr ess e d. It is als o w ort h n oti n g t h at t h e 
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E s o 
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V erti c al 

Fi g.  1 0. C o m p aris o n  of  t h e  li n e wi dt h  i n  E H D  pri nti n g  of P C L- G A A i n k i n 
tr a diti o n al, h ori z o nt al  a n d v erti c al  s et u ps. 

j et  di a m et er  a n d  p att er n  wi dt h  ar e  diff er e nt,  wit h  t h e  l att er 
us u all y  b ei n g  s e v er al  ti m es  l ar g er  t h a n  t h e  f 0 1 m er. B as e d  o n 
e x p eri m e nt al  r es ults,  it  w as  f o u n d  t h at  t h e  p att er n  wi dt h  is 
a p pr o xi m at el y 2. 9 6, 3. 5 0, a n d 6. 5 0 ti m es t h e j et di a m et er i n t h e 
tr a diti o n al, h ori z o nt al, a n d v erti c al s et u ps, r es p e cti v el y. 

Fi g. 8 s h o ws t h e pri nt e d li n es usi n g t h e P C L- G A A i n k i n t h e 
tr a diti o n al, h ori z o nt al,  a n d v erti c al  s et u ps. T h e  c o m p aris o n of 
t h e  criti c al  v olt a g e  of  t h e  t hr e e  s et u ps  is d e pi ct e d i n  Fi g.  9, 
w hi c h s h o ws a  si mil ar tr e n d  t o  t h e pri nti n g  of  t h e A g N P i n k. 
T h e  tr a diti o n al  s et u p  h as  t h e  l o w est  criti c al  v olt a g e,  r a n gi n g 
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fr o m  9 5 0  t o  1 1 0 0  V,  wit h  a n  a v er a g e  of  1 0 2 2. 5 V.  I n  t h e 
h ori z o nt al s et u p, t h e criti c al v olt a g e r a n g es fr o m  1 0 5 0 t o  1 2 0 0 
V, wit h a n a v er a g e of 1 1 0 7. 5 V. T h e v erti c al s et u p r e q uir es t h e 
hi g h est v olt a g e, r a n gi n g  fr o m 1 2 0 0 t o  1 3 5 0 V wit h a n a v er a g e 
of  1 2 8 2. 5 V.  Fi g.  1 0 c o m p ar es  t h e  li n e  wi dt h  of  t h e  pri nt e d 
s a m pl es usi n g  t h e P C L- G A A  i n k i n t h e t hr e e  diff er e nt  s et u ps 
u n d er t h e s a m e e x p eri m e nt al c o n diti o ns as d es cri b e d i n S e cti o n 
3 . 2, w hi c h  s h o ws  a  si mil ar  tr e n d  as  t h e  di a m et er  of  E H D-
pri nt e d A g N P dr o pl ets. I n t h e tr a diti o n al s et u p, t h e a v er n g e li n e 
wi dt h  is  1 1. 5 7  µ m.  I n  t h e  h ori z o nt al  s et u p,  t h e  a v er a g e  li n e 
wi dt h  i n cr e as es  t o  1 6. 6 6 µ m.  T h e  v e 1ti c al s et u p  d e p osits  t h e 
l ar g est li n e wi dt h wit h a n a v er a g e v al u e of 5 2. 0 1 µ m. 

4. Si m ul ati o n R es ults 

T o  f urt h er  i n v esti g at e  t h e  gr a vit ati o n al  eff e ct  o n t h e  E H D 
pri nti n g  pr o c ess,  a n  F E A  m o d el  w as  d e v el o p e d  usi n g 
C O M S O L  M ulti p h ysi cs  6. 2.  T his m o d el, b as e d  o n t h e  l e a k y-
di el e ctri c  m o d el  b y T a yl or  a n d  M el c h er  [ 1 6], w as  cr e at e d  b y 
c o m bi ni n g a l a mi n ar fl o w m o d el, a n el e ctr ost ati c m o d el, a n d a 
l e v el  s et m o d ul e  t o  s ol v e t h e  c o u pl e d N a vi er- St o k es  e q u ati o n 
a n d el e ctr ost ati c e q u ati o ns, as v ali d at e d b y pri or st u di es [ 3, 1 1]. 

Si n c e t h e c yli n dri c al n o z zl e is s y m m etri c wit h r es p e ct t o t h e 
c e ntr al  a xis,  a n  a xis y m m etri c  m o d el  w as  f or m ul at e d  t o 
d e cr e as e  t h e c o m p ut ati o n  ti m e. T h e si m ul ati o n i n c or p or at e d  a 
st ai nl ess-st e el  n o z zl e  as  t h e  p ositi v e  el e ctr o d e  a n d  a  gl ass 
s u bstr at e as  t h e gr o u n d e d  t er mi n al. T h e m at eri al pr o p erti es  of 
st ai nl ess  st e el  a n d  gl ass  w er e  s o ur c e d  fr o m  C O M S O L's 
m at eri als  li br ar y.  T h e  i nt eri or  of  t h e  pri nti n g  n o z zl e  w as 
d ef m e d  as  t h e  pri nti n g  i n k,  a n d  t h e  r e m ai ni n g  s p a c e  of  t h e 
d o m ai n w as s et as air. T h e A g N P i n k's p h ysi c al pr o p erti es w er e 
o bt ai n e d fr o m t h e s u p pli er's  d at as h e et, i n cl u di n g d e nsit y  1 6 3 0 
k g/ m',  vis c osit y  0. 0 1  P a·s,  a n d s mf a c e t e nsi o n  0. 0 1 9 7 N/ m. 
T h e  i n k  is  c o m p os e d  of  4 0 w %  A g N P n a n o p arti cl es,  3 0 w % 

( a) ( b) 

w at er,  a n d  3 0 w %  di et h yl e n e  gl y c ol.  T h e  di el e ctri c  c o nst a nt 
w as  esti m at e d  t o  b e  5 5. 7  usi n g  J o u y b a n's  t h e or y  [ 2 8].  T h e 
si m ul ati o n r es ults  of A g N P  i n k  ar e pr es e nt e d  i n  Fi g.  1 1. T h e 
t hr e e m o d els h a v e t h e e x a ct s a m e c o nfi g ur ati o ns e x c e pt f or t h e 
dir e cti o n of gr a vit y. T h e si m ul at e d j et di a m et ers w er e 2 7. 4 5 µ m 
f or t h e tr a diti o n al s et u p, 2 9. 1  µ m f or t h e h ori z o nt al s et u p, a n d 
3 5. 5 ~ u n f or t h e v e 1ti c al s et u p. N ot e  t h at  t h e si m ul at e d r es ults 
ar e  t h e j et  di a m et er, w hil e  t h e  e x p eri m e nt al  r es ults  s h o w n  i n 
Fi g. 6 ar e t h e di a m et er of t h e d e p osit e d A g N P dr o pl ets, w hi c h 
is  us u all y  s e v er al  ti m es  l ar g er  t h a n  t h e  j et  di a m et er.  A 
c o m p aris o n of t h eir r el ati v e  v al u es r e v e als  t h at dr o pl ets i n t h e 
h ori z o nt al a n d v eiti c al s et u ps ar e 1 0 6. 0 1 % a n d  1 2 9. 3 2 % l ar g er 
t h a n t h os e i n t h e tr a diti o n al s et u p. T his tr e n d is c o nsist e nt wit h 
t h e e x p eri m e nt al  r es ults, w hi c h  s h o w t h at  t h e a v er a g e  dr o pl et 
di a m et ers  i n  h ori z o nt al  a n d  v e 1ti c al s et u ps  ar e  1 0 6. 3 5 % a n d 
1 1 8. 2 9 % gr e at er t h a n t h os e i n t h e tr a diti o n al s et u p. 

T h e  P C L- G A A  i n k  is c o m p os e d  of  1 5 w %  P C L  i n  G A A. 
B as e d  o n  t h e  d e nsiti es  of  P C L  1 1 4 5 k g/ m' a n d  G A A  1 0 4 9 
k g/ m'  fr o m s u p pli ers'  d at as h e et, t h e d e nsit y of P C L- G A A i n k 
is  c al c ul at e d  t o  b e  1 0 6 2  k g/ m3 . Ot h er  pr o p e 1ti es  s u c h  as 
vis c osit y,  s urf a c e t e nsi o n,  a n d di el e ctri c  c o nst a nt ar e  f o u n d t o 
b e 0. 8 9 1 P a·s,  0. 0 3 N/ m, a n d  6. 2, r es p e cti v el y,  fr o m pr e vi o us 
lit er at ur e [ 2 9]. T h e si m ul ati o n r es ults f or t h e P C L- G A A i n k ar e 
s h o w n  i n  Fi g.  1 2.  T h e  si m ul at e d  j et  di a m et ers  f or  t h e 
u· a diti o n al, h ori z o nt al, a n d v erti c al s et u ps w er e 5. 1, 5. 8, a n d 7. 1 
µ m, r es p e cti v el y.  B y m ulti pl yi n g  t h e c o nst a nt  f a ct or  b et w e e n 
t h e j et  di a m et er a n d p att er n wi dt h  f or e a c h s et u p as  e x pl ai n e d 
i n S e cti o n 3. 3, t h e si m ul at e d li n e wi dt hs c a n b e esti m at e d t o b e 
1 5. 1 0, 2 0. 3 0, a n d 4 6. 1 5 µ m f or t h e tr a diti o n al, h ori z o nt al, a n d 
v e 1ti c al  s et u ps,  w hi c h  cl os el y  ali g n  wit h  tl 1 e e x p eri m e nt al 
r es ults. 

5. C o n cl usi o ns 

( c) 

Fi g.  1 1. Si m ul at e d a xis y m m etri c  A g N P j et  r a di us i n a) tr a diti o n al; b)  h ori z o nt al;  a n d c) v erti c al s et u ps. 

( a) ( b) ( c) 

Fi g.  1 2. Si m ul at e d a xis y m m etri c P CI. G A Aj et r a di us i n a) tr a diti o n al;  b) h ori z o nt al;  a n d c) v erti c al s et u ps. 



1 0 0 6 D. S.  A h a m m e d a n d Y. O w I M a mif a ct uri n g L ett ers 4 4 ( 2 0 2 5) 1 0 0 0- 1 0 0 6 

I n  t his  st u d y,  w e  i n v esti g at e d  t h e  i nfl u e n c e  of  gr a vit y  o n 
E H D  pri nti n g,  s p e cifi c all y  t h e  criti c al  v olt a g e  a n d  pri nti n g 
r es ol uti o n.  First  of all, w e  t h e or eti c all y  a n al y z e d  t h e i nfl u e n c e 
of  gr a vit y  o n  t h e  E H D  pri nti n g  pr o c ess.  T o  q u a ntif y  t h e 
i nfl u e n c e  of  gr a vit y,  w e  c o n d u ct e d  a  s eri es  of  e x p eri m e nts 
usi n g a n A g N P i n k a n d a P C L- G A A p ol y m eri c i n k. D u e t o t h eir 
diff er e nt  r h e ol o gi c al  a n d  di el e ctri c  pr o p erti es,  t h e  A g N P  i n k 
w as pri nt e d as dr o pl ets,  w hil e  t h e  P C L- G A A  i n k w as  pri nt e d 
as  fil a m e nts.  T h e  i n v esti g ati o n  w as  b as e d  o n  t hr e e  diff er e nt 
s et u ps:  tr a diti o n al,  h ori z o nt al,  a n d  v e 1 1i c al, w h er e  t h e  a n gl e 
b et w e e n  t h e j etti n g  dir e cti o n a n d gr a vit y w as m ai nt ai n e d  at 0 °, 

9 0 °, a n d 1 8 0 °, r es p e cti v el y.  T h e e x p eri m e nt al  r es ults  r e v e al e d 
t h at gr a vit y h as a n oti c e a bl e  i m p a ct  o n b ot h t h e criti c al v olt a g e 
a n d pri nti n g  r es ol uti o n.  C o m p ar e d  wit h  t h e  tr a diti o n al  s et u p, 
t h e  criti c al  v olt a g e  r e q uir e d  f or  t h e  h ori z o nt al  s et u p  f or  b ot h 
i n ks ar e a p pr o xi m at el y 5 % hi g h er, w hil e t h e criti c al v olt a g e f or 
t h e  v erti c al  s et u p  is 1 0 % hi g h er  f or  t h e  A g N P  i n k  a n d  a b o ut 
2 5 % hi g h er f or t h e P C L- G A A  i n k. F or t h e pri nt e d p att er ns, t h e 
di m e nsi o ns  of  t h e  A g N P  dr o pl ets  usi n g  t h e  h o 1i z o nt al  a n d 
v erti c al  s et u p ai e a p pr o xi m at el y 6. 3 5 % a n d 1 8. 3 6 % l ar g er t h a n 
t h e dr o pl ets i n t h e tr a diti o n al  s et u p, r es p e cti v el y.  I n t h e c as e of 
t h e  P C L- G A A  pri nt e d  li n es, t h e  wi dt h  of t h e  pri nt e d  li n es  f or 
t h e h ori z o nt al  a n d  v e 1 1i c al s et u ps  w er e 4 0 % a n d 3 5 0 % wi d er 
t h a n t h e li n es pri nt e d i n t h e tr a diti o n al  s et u p.  T h es e tr e n ds w er e 
f urt h er  v ali d at e d  t hr o u g h  F E A  si m ul ati o ns.  T h es e  fi n di n gs 
pr o vi d e  v al u a bl e  i nsi g hts  f or  i m pl e m e nti n g  E H D  pri nti n g  i n 
f ut ur e  i n-s p a c e  m a n uf a ct uri n g  a p pli c ati o ns  w h er e  t h e 
ori e nt ati o n  a n d m a g nit u d e  of gr a vit y mi g ht v ar y  si g nifi c a ntl y. 
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