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Abstract  

 Many input  parameters are available for  the fused deposit ion modeling (FDM) process  

and i t  is  known that some of these parameters have signif icant ef fects on mechanical pro per ties 

of  FDM parts.   The manner  in which materia l  is deposited during the FDM process result s in 

anisotropic properties in the f inal products.   In general,  this study will  uti l ize an arti f icial  

neural network (ANN) to predict  2 -D mechanical properties of  the resultant prototypes based  

solely on orientation.   Specif ically,  part  1 of this study presents data that not only veri f ies the 

results of  previous research  but provides confidence that printer output is reasonable and 

suff icient to train,  validate,  and test  an ANN.  Broad correlations are made between print ing 

parameters and mechanical properties and the mechanisms by whi ch these parameters ef fect  

properties are discussed.   Three input  parameters were chosen for this study and methodically 

varied along a predetermined range while printing prototypes (i .e.  tensile specimens) .   The 

prototypes’ mechanical properties were dete rmined through tensile testing.   Results suggest  

that layer height,  printing pattern , and infi ll density have signif icant ef fects on FDM manu-

factured parts strength,  st i f fness,  and ducti l i ty .  

Introduction  

Fused Depos it ion Modeling  

FDM is a mater ia l extrus ion addit ive manufactur ing process,  typica lly used to produce 

prototypes in a  var iety of applications.   The FDM machine,  or  3-D pr inter ,  is  a  computer -

numer ica l-controlled (CNC) gantry or  delta -arm machine that  uti l izes sl icer  and user  inter-

face/control software.   These software take a  3-D drawing,  usually in .STL format,  translat e i t  

into individua l layers,  generate the machine c ode (G-code) used by the pr inter ,  and allow user s  

to manipulate input process  parameters .   The machine ‘pr ints ’ by extruding a  semi -mol ten 

fi lament through a heated nozzle while the pr inter  head or  bed moves in a  prescr ibed pattern 

in the XY-plane,  as shown in Fig.  1.   As the mater ial is depos ited,  it  cools,  solidifies ,  and 

bonds with the surrounding mater ial.   The machine cont inues this process layer  by layer  as the 

pr inter  head or  bed moves incrementally in the Z -dir ect ion at  a  predetermined layer  height.  

 

Figure 1.  Schematic of typica l extrusion head and f i lament depos it ion process [1 ].  

 

Due to FDM’s abil ity to cr eate complex par ts quickly and in an inexpens ive manner ,  

recent effor ts have focused on ut i l iz ing the technology in the manufactur ing of product ion -

grade,  end-use products.   However ,  in order  to fully develop FDM into a  manufactur i ng tool a  



 

number  of improvements are r equir ed.   The two ar eas for  improvement are quality and integ-

r ity.   Where quality focuses on accuracy,  toler ance,  surface f inish,  and m inimum wa ll thickness  

[2] and integr ity focuses on mechanical proper ties,  solid mechanics,  and mater ial model ing.   

Much research has been performed in these areas and has concentrated its effor ts in pr inter  

opt imization as well as understanding the effects build parameters have on mec hanical prop-

er t ies.  

 The FDM manufactur ing process  generates par ts that  are unique and,  in t erms of me-

chanical proper t ies,  are substandard to their  subtractive ma nufactured (SM) or  inject ion 

molded (IM) counterpar ts of the same mater ial.   SM and IM compone nts are fundamentally 

homogeneous and isotropic,  while FDM components are not.   The FDM manufactur ing process,  

as descr ibed previous ly,  produces a  composite of par t ia l ly bond ed polymer f i lament and voids  

[3].   These imperfect  bonds and voids are the charac ter ist ics of FDM parts that  make them 

have infer ior  mechanica l proper ties and make them anisotropic.   In this way these character-

ist ics should be cons idered natural defec ts.   There are many input  parameters available for  use 

during the FDM process and it  i s  known that  some of these parameters have s ignif icant effects  

on mechanica l proper t ies.   We r eason that  these resultant mechanical proper t ies are actually 

the manifestation of pr int ing parameters either  expos ing or  exacerbating these natural defects .  

Thus,  the key to understanding how input  parameters effect  mechanical proper t ies of  

FDM parts,  is  understanding by what mechanism ( i. e.  expos ing or  exacerbat ion) a  parameter  

acts.   For  convenience of discuss ion herein: a  parameter  that  acts by exposing the nat ural  

defects of FDM parts will be r eferr ed to as an extrinsic  parameter ,  as their  effect  is dependent  

upon externa l condit ions ( i. e.  loads) and these conditions need to be taken into context .   While 

a  parameter  that  acts by exacerbating these natural defec ts will be denoted as an intrinsic  

parameter ,  because its effect  is independent of external condit ions.  

Input Process Parameters,  Mechanical Properties  

Researchers have ident if ied build or ientation,  raster  or ientation,  pr inting pattern,  layer  

height,  inf i l l dens ity,  a ir  gap,  and f ilament cooling rate as having signif icant effects on me-

chanical proper t ies of FDM manufactured pa r ts.   Abundant  data  is ava ilable on the subject ,  

however ,  when r eviewing these scholarships there is  p lenty of context to be cons idered.   Many 

parameters need to be known in order  to make proper  data  comparisons  and often t imes this  

data  is unava ilab le.   Another  dimension in this contextua l mix-up l ies in the shift ing vocabu-

lary used across the industry for  input parameters – that  is,  many synonyms exist  while stand-

ardizat ion does not.   In an effor t  to br eak through ambiva lent t erminology,  el iminate contex-

tual diff icu lt ies,  and promote standardizat ion in future works Table 1 is provided.   It  contains  

some of these common subst i tutes along with the nomenclature used herein.  

 

 

 

 

 



 

Table 1.  Input process parameters synonymous  terminology.  

 Synony ms  

Layer 

Height  

Layer   

Thickness  

Slice 

Height  

Filament  Raster  Road 

Printing  

Pattern 

Inf i l l Pat-

tern 

Part  Fill 

Style 

Raster  

Orientat ion 

Build  
Dir ection  

Raster  An-
gle 

Contour 

Width 
Shell Width 

Contour  

Thickness  

  

 Layer height  refers the thickness of the f i lament as it  is  depos ited in the Z -dir ection.   It  

can vary cons iderably,  depending on user  set t ings,  and is typica lly u sed to opt imize pr int ing 

t ime verses  surface quality.   That is,  thicker  layers means faster  pr ints while t hinner  layers  

means higher  qua lity.   During a  comparative finite element analysis str ess study of isotropic 

FDM mater ia l [4] found that  as layer  height  decreased tens ile str ength genera lly increased,  

while elastic modulus increased with increases in layer  height .   Reference [5] had near ly iden-

tica l f indings in their  study on mechanical proper ties of  components fabr icated from open-

source 3-D pr inters.   While [6] found the oppos ite – in r egards to t ensile str ength – during 

their  comprehens ive study r egarding the inf luences  of infi l l dens ity,  layer  height,  and infi l l  

pattern on 3-D pr inted components  – that  is,  as layer  height  decreases so does tens ile str ength.   

The authors of [6]  ment ion that  layer  height only seems to inf luence str ength when it  becomes  

low ( i. e.  0.1 mm, 0.15mm) and they contr ibute this  trend to lower  accuracies of thinner  depos-

its.   In addit ion,  [6] found that  as layer  height increa ses so does elongat ion at break.   None of  

the published l it erature r eviewed provided an explanat ion for  layer  h eights effect  on tensile 

strength.    

Infi l l  density  refers to the amount of mater ia l that  l ies within the contour  of the compo-

nent.   When comparing pr int ing t ime,  cost ,  and r esu ltant mechanica l proper t ies ,  not surpr is-

ingly,  [6] discovered that  as inf i l l dens ity increases  tens ile str ength and elast ic modulus in-

crease drastica lly and,  maybe less intu it ively,  elongation at  break rema ins fa ir ly constant.  

Raster orientation  and printing pattern  are not synonymous although they denote the 

same funct ion.   Pr inting pattern refers to the pr escr ibed path in which fi lament is extruded 

during inf i l l operations.   Typically ,  it  is  a  f igure of some sor t  ( i. e.  l inear ,  diagonal,  hexagon)  

and rema ins constant layer  by layer .   Raster  or ientat ion (Fig.  2) also refers to the extruder  

path during inf i l l depos it ion but,  ra ther  than being a  f igure,  it  simply denotes the angle between 

the axis of the depos ited f i lament and the X-axis of the 3-D pr inter .   Raster  or ientat ion ma y 

also vary layer  by layer ,  typically layers are stacked  norma l to one another .   Reference [4]  

pr inted tens ile specimens in [0/90] and [45/ -45] raster  or ientation and found that  the [45/ -45]  

specimens had the greatest  t ens ile str ength,  while the [0/90]  specimens had the highest  elas tic  

modulus.   With regards to acrylonitr i le butadiene styr ene (ABS) published l it erature [5] had 

near ly ident ical f indings.   Reference [6] compared l inear ,  diagona l,  and hexagonal pr inting 



 

patterns and found,  at  100% inf il l dens ity,  that  the diagona l pattern yields a  higher  t ens ile 

strength.    

 

Figure 2.  Example of a  [0/0],  [90/90],  [45/ -45],  and [0/90] raster  or ientation.  

  

Build orientation  is  the dir ect ion in which a  par t  is  built  r elative to the X,  Y,  and Z -

axis of the 3 -D pr inter .   Fig.  3 is provided for  c lar if ication,  however ,  it  does not do this  

parameter  just ice.   It  only shows how par ts can be built  in thr ee differ ent direct ions,  which 

leaves out much complexity – that  is,  par ts can be built  in any or ientat ion conceivable in space.   

The key when cons ider ing build or ientation with r espect to r esultant mechanica l proper t ies is  

understanding how a change in build or ienta tion could f ilament -to-fi lament bonds  to applied 

loads.   Ample r esearch has been done i n this area,  however ,  due to contextual ambiguity it  will  

not be discussed herein.  

 

Figure 3.  Clar ification of build or ientation [7].  

  

Air gap  is  the space between f ilaments of FDM mater ial.   The default  sett ing is zero and can 

be adjusted to a  posit ive or  negat ive air  gap  value.   A zero air  gap means that  the f i laments  

just  touch,  a  pos it ive a ir  gap means the f i laments do not touch,  and a  negat ive air  gap means  

that  adjacent fi laments par tia lly occupy the same space [8 ].   During their  study of anisotropic 

mater ial proper ties of FDM ABS [8 ] found that  a  negative a ir  gap (-0.0762mm) r esulted  in 

signif icant increases in t ens ile str ength.   Specif ica lly this t ens ile str ength increase was not iced 

in [0/90],  [45/ -45],  and [90/90] raster  or ientations,  but had only a  slight  effect  on the [0 /0] 

or iented specimens.   Reference [7] found s imilar  results in the ir  study.   Raster  or ientat ions  

[0/90],  [30/-60],  and [45/-45] as well  as build or ientations XYZ, XZY, and ZXY, as shown in 

Fig.  3,  were used.   Regardless of the build or  raster  or ientation a  negat ive air  gap resulted  in 



 

the gr eatest  t ens ile str ength.   This i ncrease in t ens ile str ength is contr ibuted to the negat ive 

air  gaps abil ity to make the ABS structure denser .   Similar ly,  r efer ence [9 ] found that  a  pos it ive 

air  gap (0.33mm) r esulted in high dispers ions  of data ,  due to large voids in the ABS structure.  

Filament cooling rate  is  not an actual input parameter  but rather  a  function of severa l  

parameters.     Refer ences [1,3] suggest  that  bonding qua lity between f ilaments and layer s of  

fi laments has tremendous effects on FDM part  strength and that  this bonding is dr iven by the 

therma l energy of the semi -molten mater ial.   Their  data  proposes that  better  control of f i lament  

cooling may have s ignif icant effects on bond qua lity and ult imately the str ength of FDM parts.  

Published l it erature [1] shows that  envelope t emperature and var iations in convect ive condi-

t ions within the envelope have strong eff ects  on bond qua lity.   While [3] draws  s imilar  con-

clus ions for  extrusion and envelope temperature but s uggest  extrus ion temperature has  a 

gr eater  impact on bond qua lity.   It  seems tha t  fi lament cooling rate is a  funct ion of extrusion 

temperature,  envelope temperature,  and extruder /envelope fan speed.  

Furthermore,  r efer ence [3]  modeled bonding between f i laments and concluded that  the 

fi laments cannot be ma inta ined at  high enough temperatures long enough after  extrusion for  

complete bonding to occur  dur ing FDM.  Subsequent ly,  mechanica l proper t ies in the bonding 

zones ar e not the same as the ABS f i lament mater ial ,  which implies FDM parts are inherent ly 

heterogeneous and anisotropic.   In other  words,  as the cooling rate increases – either  by large 

temperature differ ent ia ls or  convect ion – fi lament bonding qua lity decreases and vice ve rsa. 

Although the r esults of [3 ] suggest  that  extrusion temperature had a  greater  impact on the  neck 

growth – the means by which bond qua lity is measured – than envelope temperature does.  

The fundamenta l aspect  is not so much that  these input  parameters impact mechanica l  

proper ties but understanding the mechanism by which they do.   It  was shown that  fi lament  

cooling rate,  in some degree,  is respons ible for  the imper fect  bon ding formed between f i la-

ments [3].   Thus it  exacerbates this natural defect  and is def ined as an intr ins ic parameter .   

Whereas build or ientation [9] and raster  or ientation/pr int ing pattern [4 -6] don’t  impact  f i la-

ment bonding per  se,  but they do inf luence mechanical proper t ies by expos ing these fi lament  

bonds to external loads ( i. e.  t ens ile,  compressive,  shear  forces)  and by this  are def ined as  

extr ins ic parameters .   We speculate that ,  like f i lament cooling rate,  a ir  gap effects fi lament  

bonding.   The means and explanat ion for  this speculation are conta ined later  herein.   However ,  

the means ar e dir ect  and independent of exter ior  condit ions ,  ther efore,  a ir  gap can be def ined 

as an intr ins ic parameter .    

It  was shown that  a ir  gap is a lso known to effect  ABS structure dens ity [7-8],  which we 

contr ibute to void s ize a lteration.   In addit ion,  layer  height was shown to inf luence mechanical  

proper ties  [4-6],  which aga in we contr ibute to void s ize a lteration.   Both these parameters  

exacerbate this natural defect  and by this are def ined as intr ins ic parameters.  

Objectives  

We argue that  unt i l perfect  bonds can be formed between f i laments  and voids can b e 

i l luminated,  FDM manufactured par ts will never  be isotropic,  r egardless of the p lane  cons id-

er ed.   This is why the generat ion of an accurate mater ial model for  the current FDM process  

is of utmost importance.   That is,  the abil ity to model  an anisotropic product ,  from a process,  

gr eatly increases the assurance in that  process,  and fur ther  enables its progress ion into pro-

duction of end-use goods.  



 

Methods  

 The Rostock MAXT M  V2 Desktop 3-D Printer  kit  was uti l ized for  this study.   This  hobby-

level 3-D pr inter  has a  resolut ion of 0.1 mm in the X/Y-dir ections and 0.0125 mm in the Z -

dir ect ion which is a t  least  commensurate to commercial -grade pr inters.   In addit ion,  an after-

market E3-D-v6 Hotend was used to increase our  pr inting temperature range.   MatterSlice ,  an 

open-source G-code generat ing software was  exploited .   This software a llowed specif ic con-

straints to be des ignated on a  layer  by layer  basis,  which in turn allowed us to have u lt imate 

control of build parameters.   The hobby-level 3-D pr inter  was uti l ized in l ieu of a  commercial-

grade pr inter  for  this reason,  as commercia l-pr inter  software typically allow lit t le to no pa-

rameter  control.   This approach is cons istent with the f indings of [5 ] which demonstrated that  

the mechanical proper ties of components fabr icated by well-tuned,   open-source,  3-D pr inters  

are comparable to par ts pr inted on commercia l 3-D pr int ing systems,  in t erms of t ens ile 

strength and elast ic modulus.  

 The 3-D pr inter  was located in an uncondit ioned environment ( i. e.  a  garage)  and an 

envelope was not ut il ized.   The term ‘uncondit ioned’ suggests that  the environment was sus-

cept ib le to naturally occurr ing changes in ambient t emperature and humidity  as well as expo-

sure to var iable convect ive condit ions .   This is cons istent with practices used in [ 5] however ,  

it  has been r ecognized that  envelope temperature and convect ive conditions influence FDM 

part  mechanica l proper t ies [1,3] and shall be cons idered in future works.    

 Layer  height,  inf i l l  dens ity,  and pr int ing pattern where the specif ic input process  pa-

rameters chosen for  this study.   Four  layer  heights – 0.15mm, 0.2mm, 0.25mm, and 0.3 mm – 

were selected.   Typica l commercial -pr inters allow layer  height to be set  a t  cer tain values  in 

the range of 0.25mm to 0. 35mm.  The selected heights covered this rang e and allowed lower  

levels of  the poss ib le span to be explored.   Infi l l  dens ity can range from 0-100%.  Six infi l l  

dens it ies  were chosen ( i. e.  25%, 45%, 60%, 70%, 80%, 90%, and 100%) which covered a  large 

portion of the inf il l dens ity span with emphasis at  the upper  half.   Concentr ic and diagona l 

patterns were chosen for  this study.  The specif ied layer  heights and inf i l l  dens it ies were then 

dispersed across their  range on the concentr ic and diagonal patterns unt i l every combination 

of the selected input parameters was represented.   It  is  important to note that  the number  of  

shells var ied by specimen,  however ,  it  rema ined constant with r espect to the layer  height used.   

That is : 0.2mm, 0.25mm, and 0.3mm layer  heights all cons isted of five shells  – two on top and 

thr ee on bottom – which r esulted in 1.0mm, 1.25mm, and 1.5mm respect ively of the specimens  

being solid r egardless of  the selected inf il l dens ity.   The wa ll thickness became too thin at  just  

five shells for  the 0.15 mm layer  height,  instead eight she lls were used – four  on top and four  

on bottom – which results in 1.2 mm of the specimen being solid.  

ABS mater ial,  a  thermoplastic polymer,  was employed for  this study.   It  is  highly pop-

ular  throughout the FDM and RepRap communit ies and p lenty of research has been performed 

uti l iz ing ABS mater ia l.   

An MTS frame,  load cell,  and extensometer  were used during tens ile t est ing.   Tens ile 

tests were performed in accordance wi th applicable ASTM standards [10-11] at  a  crosshead 

rate of 2.0 mm/min.   Reference [11] was also used,  in conjunct ion with Eq.  (1) -(3),  to calculate 

tens ile str ength,  𝜎𝑢𝑡𝑠,  elongat ion at  break,  %𝐸𝑙,  and modulus of elastic ity,  𝐸.   Where 𝐹 is  tens ile 

force,  𝐴 is  cross-sect iona l area,  𝜀 is  strain,  𝛿𝑙 is  change in gage length at  break,  and 𝑙𝑜 is  

or igina l gage length.  



 

 𝜎 = 𝐹
𝐴⁄  (1)  

 𝜀 = 𝜎
𝐸⁄  (2)  

 %𝐸𝑙 = (𝛿𝑙
𝑙𝑜

⁄ ) ∙ 100 (3)  

Due to unavailab il ity of t est  equipment ,  a  1in extensometer  was used in l ieu of a  2in ,  

which is requir ed by refer ence [11 ].   This may have increased the number  of specimens that  

broke outs ide of gage length,  l ike shown in Fig.  4,  but, because tens ile specimens exhib ited 

l it t le to no necking,  the data  were included in this study.    Refer ence [5] ut i l ized a  2 in exten-

someter  and st i l l had many specimens break outs ide the gage length.   However ,  since these 

specimens disp layed a  dist inct  maximum str ess before failur e,  conclus ions were made r egard-

ing modulus of elast icity and str ength  and the data  were included in the study.   By thi s same 

not ion – that  is,  since a  dist inct  str ess and strain ar e disp layed at  fai lur e – elongat ion at  brea k 

could be determined and its  data  are included in this study.   

 

Figure 4.  Tens ile specimen breaking outside of 1 in extensometer  gage length.  

 

In a t ime and cost  savings effor t  some samples did not meet the minimum recommended 

specimen count.   Reference [11] ment ions that  a t  least  five specimens for  each sample be 

tested,  while our  specimen quant ity per  s ample ranged from three to s ix.   Although our  speci-

men count was low, our  data  were able to ma tch that  of  pr evious studies,  which suggests our  

data  are reliab le.  



 

Results  

Infil l Dens ity   

Our data  suggest  that ,  in concentr ic specimens ,  as inf i l l dens ity increases there is a  

def inite r ise in t ens ile str ength and modulus of elast ic ity (F ig.  5,  Fig.  6),  while elongat ion at  

break rema ins generally constant  (Fig.  7) throughout the infi l l dens ity domain.   These r esults  

are cons istent with those of r efer ence [6].    

 

Figure 5.  Concentr ic samples comparison between tens i le str ength and inf il l dens ity.  

 

Figure 6.  Concentr ic samples comparison between modulus of elastic ity and inf i l l dens ity.  
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Figure 7.  Concentr ic samples comparison between elongat ion at  break and inf il l dens ity.  

 

The resultant t ens ile proper t ies of diagonal s pecimens differ  from that  of the concentr ic  

ones.   In the diagona l specimens  as inf i l l dens ity increased tens ile str ength r ema ined fair ly 

constant (F ig.  8),  modulus of elast ic ity – similar  to that  of the concentr ic specimens – had a  

dist inct  r ise (Fig.  9),  while duct i l ity (Fig.  10) actually decreased.  

 

Figure 8.  Diagona l samples comparison between tens ile str ength and inf i l l dens ity.  
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Figure 9.  Diagona l samples comparison between modulus of elastic ity and inf i l l dens ity.  

 

Figure 10.  Diagona l samples comparison between elongat ion at  break and inf il l dens ity.  

 

With r espect to the concentr ic specimens,  it  is  intuit ive that  as inf i l l dens ity increases  

so does tens ile str ength and st iffness,  but,  when r eviewing Eq.  (1) -(2),  it  is  not so intu it ive.   

That is,  as inf i l l dens ity increases,  only the voids within the component are f il led leaving the 

dimens ions and resultant cross -sect iona l area unchanged.   However ,  it  can be said that ,  the 

eff icacy of the cross-sect iona l area increases  as infi l l dens ity increase,  a llowing str ength and 

st if fness to increase.  

When consider ing inf i ll dens ity the data  indicate a  signif icant differ ence between the 

concentr ic and diagonal patterns.   This var iance is contr ibuted solely to pattern geometry.   For  

instance,  unlike the concentr ic specimens in t he diagona l specimens as inf i l l dens ity increases  

voids are being f i lled but due to the way in which mater ial is depos ited (i. e.  pattern) there is  

very l it t le load bear ing structure.   That is,  unt i l 100% inf il l density is r eached the only load 

bear ing mater ia l that  exists is the contour  layers.   Fur thermore,  when 100% inf il l dens ity is  

reached the infer ior  fi lament -to-f i lament bonds are exposed to the applied tens ile str esses un-

like in the concentr ic specimens  where these bonds are parallel to the stresses and thus  are 

unaffected or  isolated .    
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Now, when cons ider ing elongat ion at  break we r eason it  is  appropriate to discuss str ess  

concentration.   As stated previous ly,  in the concentr ic specimens  elongation at  br eak r emains  

fair ly constant as inf i ll density increases .   This is due to an interchange between the amount  

of load bear ing mater ial depos ited parallel to t ens ile stresses and the increased load bea r ing 

mater ials way of forming str ess concentrators within the ABS structure.   As inf i l l dens ity 

increases the amount of mater ial availab le to absorb energy increas es thus elongation at  break 

increases ,  however ,  as the ABS structure becomes denser  spaces between f i laments essent ially 

disappear ,  somet imes leaving long,  narrow cavit ies  with very sharp radius of curvatures ,  𝜌.   

These sharp radii cause str ess amplif ication,  𝜎𝑚𝑎𝑥,  in void zones which lead to pr emature fa il-

ure as shown in Eq.  (4),  and thus decrease elongat ion at  break.   This interchange leaves elon-

gation at  break essent ia lly constant over  the domain of inf il l density.  

𝜎𝑚𝑎𝑥 = 2 ∙ 𝜎 (
𝑎

𝜌
)

1
2⁄

   (4)  

The same r easoning can be used to expla in why elongat ion at  break decreases as inf i l l 

dens ity increases in the diagona l specimens.   Except,  as explained previous ly,  in the diago-

nal specimens tensile strength is basically constant as inf il l density increases,  ther efore no 

interchange occurs and the r esultant elongat ion at  break is essentia lly a  function of the str ess 

concentrators that  develop as inf i l l dens ity increases.   Again,  these str ess concentrations 

cause premature failur e consequent ly r educing elongat ion at  break.  

Layer Height  

 The data  generally suggest  that  in the concent r ic specimens,  changes in layer  height has 

l it t le to no effect  on tens ile str ength,  as shown in Fig.  11.   However ,  when the data  are viewed 

a lit t le dif fer ent ly some inter est ing r esults are revea led  (F ig.  12).   That is,  a t greater  infi l l  

dens it ies t ens ile str ength tends to decrease as  layer  height increases and at  lower  inf il l densi-

t ies t ens ile str ength tends to increase with increases in layer  height.   In the concentr ic  speci-

mens the transit ion from increasing to decreasing tens ile strength with increased layer  height  

occurs between 60% and 70% inf il l dens ity.   These r esults are cons istent with refer ences [4-

5].  

 

Figure 11.  Concentr ic samples comparison between tens ile str ength and layer  height .  
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Figure 12.  Concentr ic samples comparison between tens ile str ength and layer  height,  with re-

spect to inf il l density.  

  

Similar  trends were observed in the diagona l specimens  with r espect to t ens ile str ength vers e 

layer  height.   Although there seems to be a  general dec rease in t ens ile str ength as layer  height  

increases (Fig.  13).   This is contr ibuted to the ear ly transit ion from increasing to decreasing 

tens ile str ength with increased layer  height which occurs betw een 25% and 45% inf il l dens ity 

(Fig.  14).   Thus all inf i l l dens it ies,  with the except ion of 25%, have a  negative correlat ion 

between str ength and layer  height r esult ing in the genera l decrease in diagonal specimens  

tens ile str ength as previous ly descr ibed.  

 

Figure 13.  Diagona l samples comparison between tens ile str ength and layer  height.  
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Figure 14.  Diagona l samples comparison between tens ile str ength and l ayer  height,  with re-

spect to inf il l density.  

 

We suggest  that  the negat ive correlation between layer  height and tens ile str ength in 

the gr eater  inf i l l density specimens is due to shr inking of the inherent voids of the FDM st ruc-

ture.   That is,  as layer  height decreases the natural voids between f i lamen ts become sma ller ,  

in turn the ABS structure becomes denser  and tens ile str ength consequent ly increases.   This  

process is modeled in Fig.  15.   

 

Figure 15.  An idea lized model of FDM filament cross -section showing layer  height and air  

gap effects on par t  dens ity ( [0/0],  1.0 mm filament width).  

 

One might suspect that ,  a lthough overall void s ize is r educed,  because layer  height  

decreases there ar e more voids pr esent within the same cross -section thus tens ile str engt h 

should actually decrease.   We also cons idered this and tested this not ion by determining the 

percent area occupied by voids on a  fixed surface area with varying layer  heights.   The r esults  

are shown in Fig.  16 and yield,  for  this idea lized model,  that  void surface area inc reases nea r ly 

l inear ly with increases in layer  height.   These results under lie our  speculat ion that  layer  height  

is an intr ins ic parameter  and it  effects t ens ile strength by r educing void s ize between f i laments.  
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Figure 16.  An idea lized comparison between void percent sur face area and layer  height 

(1.5mm x 2.0mm area uti lized for  comparison).  

Similar  to layer  heights effect  on tensile strength,  the data  genera lly suggest  that  layer  

height has l it t le effect  on modulus of elasticity for  both concentr ic  and diagonal specimens  

(Fig.  17,  Fig.  19).   But again,  when the data  are viewed wi th respect to inf i l l dens ity a  trans i-

t ion between increas ing and decreasing st if fness is r evea led  (F ig.  18,  Fig.  20).   These transi-

t ions are s imilar  to those ident if ied in tens ile strength – that  is,  a t  higher  inf i ll dens it ies ther e 

is a  negative correlat ion between layer  height and modulus of elastic ity ,  while at  lower  infi l l  

dens it ies a  pos it ive correlation exists -  a lthough the trans it ions occur  at  dif fer ent inf i l l dens i-

t ies.    

 

Figure 17.  Concentr ic samples comparison between modulus of elastic ity and layer  height.  
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Figure 18.  Concentr ic samples comparison between modulus of elastic ity and layer  height,  

with r espect to inf i l l dens ity.  

 

Figure 19.  Diagona l samples comparison between modulus of elastic ity and layer  height.  

 

Figure 20.  Diagona l samples comparison between modulus of elastic ity and layer  height,  

with r espect to inf i l l dens ity.  
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The negative to pos it ive correlation trans it ion for  concentr ic specimen occurs between 

80% and 90% inf il l dens ity,  which is 10 -30% greater  than that  seen in the tens ile strength 

figures.   Likewise,  the trans it ion for  diagona l specimen occurs between 45% a nd 60% inf il l 

dens ity,  which is as much as 35% greater  than previous ly observed.   It  is  a lso not iced that  

the effect  layer  height has on st if fness in diagona l specimens is near ly tr ivia l.   Again,  this 

points out the s ignif icant effect  imperfect  f i lament-to-f i lament bonds have on FDM part  me-

chanical proper t ies.  

 

In general our  data  show that  layer  height has lit t le to no effect  on duct i l ity in both 

the concentr ic and diagona l specimens (Fig.  21,  Fig.  22).   In fact ,  when looking at  compari-

sons between elongat ion at  break and layer  height with r espect to inf i l l dens ity ,  a t  near ly all 

inf i l l dens it ies duct i lity r ema ins constant thr oughout the layer  height domain,  with the ex-

cept ion of those shown in Fig.  23 .   At 100% infil l dens ity,  both concentr ic and diagona l 

specimens show a decrease in duct i l ity as layer  height increases.   While at  25% inf il l dens ity 

the diagonal specimens show s ignif icant gains in duct i lity as layer  height increases.  

 

Figure 21.  Concentr ic samples comparison between elongat ion at  break and layer  height.  

 

Figure 22.  Diagona l samples comparison between elongat ion at  break and layer  height.  
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Figure 23.  Conspicuous comparisons between elongat ion at  break and layer  height.  

 

It  is  important to note that  concentr ic specimens,  when compared to diagonal specimens  

with r espect to layer  height and inf i l l dens ity always have greater  str ength ,  st iffness ,  and 

ducti l ity.   These r esults are cons istent with those of r efer ence [6 ].   This is contr ibuted solely 

to the fact  that  in the c oncentr ic specimen f i lament -to-f i lament  bonds are isolated from tensile 

stresses,  whereas in the diagonal specimen they are not.   However ,  if a  tens ile load wer e 

applied at  any other  angle – not parallel to the concentr ic fi lament – these r esults might ver y 

well be completely differ ent .   It  is  because of this that  we classify raster  or ientat ion/pr int ing 

pattern as an extr ins ic parameter .  

Air Gap 

 Although a ir  gap was not cons idered as a  var iable input parameter  within this study ,  a  

crucia l ins ight r egarding air  gap and its effects on FDM mechanica l proper t ies was discovered 

during this undertaking.   It  was previous ly stated that  a  negative air  gap – where adjacent  

fi lament par tia lly occupy the same space – makes FDM parts denser  and stronger  [7-8].   This  

idea is shown in Fig.  15 and is similar  to that  of layer  height as previous ly discussed .   That 

is,  as air  gap decreases void s ize also decreases.   Reference [8 ] showed this dur ing tensile 

tests of specimens with [0/0] raster  or ientations .   The gains in t ens ile str ength where just  

sl ight ,  yet  comparable to the ga ins we observed when ana lyzing layer  height.   Thus,  it  is  fair  

to conclude that  a ir  gap effects t ensile str ength by alter ing void size,  much in the same way 

that  layer  height does.  

   Moreover ,  bear ing in mind what a nega tive a ir  gap implies and cons ider ing  that  bonding 

between f i laments is caused by local r e-melting of pr evious ly solidif ied mater ial and diffus ion 

[1],  we speculate that  a negative a ir  gap actually increas es the quality of bonds.   This is evident  

when [8] observed a  negative air  gap producing s ignificant increases in t ens ile str ength in 

specimens with [0/90],  [45/-45],  and [90/90] raster  or ientations,  while t ens ile str ength in [0 /0]  

or iented specimens were only s l ight ly effected.   This means that  signif icant ga ins in t ensile 

strength were only observed in specimens whose or ientation exposed f i lament -to-f ilament  

bonds to tens ile str esses  ([0/90],  [45/-45],  [90/90]) .   In the [0/0] raster  or ientat ion these bonds  

were isolated from str esses and only sl ight gains were observed  – which are contr ibuted to 
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reductions in void size as previous ly discussed .   Therefore,  a ir  gap is an intr insic paramete r  

that  affects str ength by both alter ing void s ize and varying bond qua lity.   

Conclusion 

 This study performed an in depth analys is of the effect  inf i l l dens ity,  layer  height,  and 

pr int ing pattern have on the mechanical proper t ies of FDM manufactured par ts .   The mecha-

nisms by which these input parameters – as well as raster  or ientation,  a ir  gap,  build or ientation,  

and f ilament cooling rate – effect  mechanica l  proper ties were discussed.   New vocabulary was  

introduced to classify these parameters in an attemp t to provide clar ity with r egard to the way 

in which these parameters inf luence ABS structure.   Speculat ions were made r elating to the 

mechanisms by which mechanical proper t ies  are inf luenced by these input parameters.   And 

fina lly,  this study provided confidence that  printer  output is reasonable and suff icient to train,  

validate,  and test  an ANN.  

It  was discovered that  r ises  in inf i l l dens ity had dramatic effects on r esultant mechanica l  

proper ties,  incr easing inf i l l dens ity : (a) s ignificant ly increased concentr ic specimen’s t ens ile 

strength while having l it t le effect  on the  str ength of diagona l specimens,  (b) caused modulus  

of elast ic ity to increase cons iderably in both co ncentr ic and diagonal specimens,  and (c) had 

l it t le effect  on concentr ic specimen’s  duct i li ty while actually decreas ing the duct i l ity of the 

diagonal specimens .   The practica l point  being that  in a concentr ic specimen – or  one in which 

fi lament axis are aligned with tens ile forces – inf i l l dens ity can be raised to s ignif icant ly 

increase specimen str ength and st if fness while leaving its duct i lity unchanged.  These effects  

occur  through gains in area eff icacy.   

It  was r evea led that  in specimens of higher  infi l l dens ity increases in layer  height led 

to decreases in t ens ile str ength and st iffness  and vice versa for  specimens of lower  inf i l l den-

sity.   The ducti l ity of specimens were uninf luenced by changes in layer  height.   This effect  is  

due to a  decreas ing layer  heights abil ity to make the ABS structure denser  by l imit ing void 

size between f i laments.   The usefu l fact  being that  by decreasing layer  height ,  stronger  and 

st if fer  par ts can be generated in the FDM process.  

It  has been shown that  the concentr ic specimens,  in l ight of the details of this exper i-

ment,  is  a  super ior  pr int ing pattern when it  comes to str ength,  st if fness,  and duct il ity.   Keeping 

in context that  the concentr ic specimens in this exper iment aligned f i lament axis with tensile 

stresses and that  any other  load or ientation would have very well  r evea led differ ent  r esult s.   

However ,  we can conclude that : (a) a  diagonal pr int ing pattern is not conducive to bear ing 

loads,  (b) fi lament axis should be aligned a s much as possib le with tens ile str esses in load 

bear ing FDM parts,  and (c) a  r ect i l inear  pr inting pattern is current ly the nearest  one can come 

to achieving two-dimens ional isotropy.  

The FDM manufactur ing process generates par ts with two natural defects – voids be-

tween f i laments and imperfect  bonds.   Build or ientation,  raster  or ientat ion/pr int ing pattern,  

layer  height,  a ir  gap,  and f i lament cooling rate effect  mechanical proper t ies by expos ing or  

exacerbating these natural defects.   Build or ientat ion and raster  or ientat ion/pr int ing pattern 

have been class if ied as extr ins ic parameters because they indir ect ly effect  mechan ical proper-

t ies by either  expos ing or  isolating imper fect  bonds  to/ from external loads.   While layer  height,  

a ir  gap,  and f i lament cooling rate have been  class if ied as intr insic parameters because they 



 

have direct  effects on mechanica l proper t ies by either  exacerbating or  improving these natural  

defects.   Fur thermore,  we suggest  that  changes in air  gap not only have the abil ity to effect  

mechanical proper t ies by enlarging or  r educing void s ize,  but more important ly,  by improving 

or  exacerbating f i lament -to-f i lament bonds.    

Experimental Crit ique  

 Although we ar e confident that  our  exper imenta l t echnique yielded r eliable r esul ts,  

hinds ight i l lustrates the importance of r educing temperature differ entia ls,  stabiliz ing conduc-

tive condit ions,  maximizing sample specimen count,  and r educing str ess co ncentrations  thru  

proper  t est  specimen des ignation.   Future works shall ut i l ize a  pr inting enclosure/envelope,  

the pr inter  sha ll be p laced in a  controlled environment,  and vent i la t ion within the environment  

shall be dir ected away from the pr inter .   Specimen count per  sample shall incr ease from 3 -6  

to gr eater  than 20.   Operating exper ience shows great  success in pr emature fa ilur e reduction 

due to r educed str ess concentration u ti l iz ing an ASTM D638 Type I [4 -5] or  an ASTM D3039 

(229mm x 25.4mm x 3.3mm) [8] t est  specimen.   Future works sha ll ut il ize one of these test  

specimen configurations in l ieu of the ASTM D638 Type II that  was used herein.  

 Future Work 

Part  2 of this study will focus  on ut i liz ing an ANN to develop a  par tia l solution to 

modeling the anisotropic beha vior  of FDM manufactured par ts in two -dimens ions.   Specimens  

at  100% inf ill dens ity,  0.15mm layer  height,  and -0.0762mm a ir  gap will be pr inted using a  

rect i l inear  pattern with var iable raster  or ientations .   The following raster  or ientations will be 

used: [0/90],  [15,-75],  [30/-60],  and [45/ -45] .   Test  specimen tens ile proper t ies will be deter-

mined through tens ile t est ing,  then the t ens ile proper ty data  for  the [0/90],  [30/ -60],  and [45/ -

45] or ientat ions  will be used to train the ANN.  T he raster  or ientation will be used as ANN 

input and tens ile proper ties will  be used as  output.   Then the tensi le data  for  the [15/ -75]  

or ientation will be pr edicted by the ANN during the validat ion and testing phase.   Once this  

is complete the ANN can be used to accurately pr ed ict  t ens ile proper t ies in the X Y-plane 

independent of load presence,  population,  and /or  configuration.   Reference [12 ] incorporated 

an ANN mater ia l model within a  f inite element analysis software to provid e rheologica l be-

havior  predict ion that  was more accurate than convent iona l models.   Thus,  a  solut ion to mod-

eling the two-dimens ional anisotropic behavior  of FDM manufactured par ts is well within 

reach by this method.  
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