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A hstract 

Thi s papcr t'C])(l11s al1 inlerla horatory comparison that eV;lluated a p rotoco l for measur ing .l11d analysing Ihe pmt iclc 
size dis tri bution o f di~crclC. meta llic, s phe roid;]1 n.llwpOIn ie lcs llsi ng trans missio n clcctrotl lllicroscopy (TEM ). The 

~tudy was foc uscd o n aullllll;l lCd image capture a nd a uto mated part icle analysi s . N IST RM RO 12 gold nanopa n id es 

nO nm no minal d iameter) were measured for area·cquival e nl diamete r d ist ri hu ti ons hy cight lahoratori es. Statistica l 

analysis W,IS used to (I) ;ISSCSS the da ta qualily witholl i llsi ng s it.e di strihut ion refcrence m odels. (2) determinc 
re fere nce model pil ral llele rs fill' d ifferent size d islr ihut i,'n re fere llce mo dcls :md nnn- linear reg rcssion fill Ing mclhl}lls 

a nd (3) aSSeSS thc lIlCilSllfeUle lll uncertainly o f a size d islrilnll ion param eter by usi ng ils clldrie ie lll o f var iat io n. '1l1e 

interlabomto ry a rea-c(lu ivalcnt di:uncler mean, 27.6 11m ± 2.4 n m (com puted based o n a norma l distribuliu ll ), w as 

quite s imilar 10 Ihe aI'Ca-equiva lenl d ia me le r, 27.6 nl11. assigned 10 NIST RM 80 12. The log norm a l reference m odel 
was the p refe m::d .::ho ice for Ihesc pan icle s i-,-..:: distrihulions as, for a ll laborator ies. its pur:'l lllelers had lo wer rd at ive 

.' Iandaru e rrors ( RS Es ) Ihan Ihe nlher sil:c dis tribulioll rcfe rc nce models tested ( nurm a l. Wcihu ll and 

Rosin- lbmm ler- Be1l11l':11 ), T he RS Es for the fil1 cd s1,IIld ,tni deviations wcre t\\'o o rders o r mag nitude hig he r than 

Ihose fo r the litled mea ns, sugges1 ing thai most of the parameter c sti ma te errors were a ssOt: ialed w itl l esti m aling Ihe 

hn.:atl lh of Ihe dis tri hulions, The cocftieie nts o r varia tion fo r the in lerlahlll'allll'Y stal i .~ l i ~' s u l ~o COil fin ned the 
log norma l rd ererh.:e m ..... IL- I as the pre krred choice. From ljuus i. 1ine ilr plots , Ihe typical r, lIl ~e 1'01' gUllt l lils hetween 

Ihe m odel a nd cum ulative II lllll her-hased distrihullllllS was 1,1} lilled s lambrd dcviati ons Icss th :m the mcan 10 2.3 

tilled slilnlbrd devi;llio ns a ho"e the mean. AUlnm .. led im age caplure. a utllIlla/cd pi.ln icle arlll lysis ;lIId sla lis lil'al 

l'villu;lIillll o f Illl' d at ,l a nd fill ing col'll ic ic nls proviJe a fra mework for asscs~i ll !! nann parl iclc size dist r ihulio ns usi ng 

TEM for image acquis it io n. 
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I. Introduction 

1.1. NW/OIWrlil'{e si;/" di.llril",liOl/.I" hy /f(llIsmi.I·.I·iOI/ "//'/'/mll 

lIIicnl.l(·oI'Y 

Nanotedlllology rescarch is m:ccierali ng innovation. For 
eXilmple. the nUlllherof nanopilrticle patents has an exponenti:.1 
growth r..ltc or > 30% in recent ye:lrs. Nan(}-objccl.~ arc 
rnateri il t~ wit h nne, two or three external d imensions on 
thc nanosca lc, nominally ranging from lnln to 100nm I I I. 
Nalloparticles. wh ieh have all Ihree ex ternal dil ncns io n .~ on the 
llanoscn le. have performance properties Ihilt oftcn depcnd on 
their physil.:o-chelllical dlaracteristics. i.e .. ~ i ze. shilpe, su rface 
stn Kture and texture. For eXilmple. catalytic prol>cnies of 
nanopartidc.~ usuall y depend on their cl) 'stal s tructurc.'. s i/.e 
distributions ;lIld exposed surfaces, edges ilnd comers. The 
growth rates of difTercnt crystallographic surfilces can vary. 
leading to .[sy mll1ctric part ides In Toxicity can he affcctcd 
hy n,molxll·tio.:1c si/.c 13 1. \\Ihi0.:11 makes th is an il11 portu nt 
metric for risk asscssment I ~ . 5 1. Stakeholders in nanoparl iclc 
characleril.<l lion ind ude industry. academics. govern ment 
agencies (anti part icularly. rcgulatory agencies), "lid the 
general puhlic thmugh non-govcl"ll11lental organizat ions. 

There arc a wide variety of analytical mcthods fo r 
Jlnrtic lc size nlcasurelllcnts. incl uding e lectron mil.:rl)sc()]lY. 
dynamil.: light scattering 16 J. ccnt rifug.tili quid sedimentation, 
sm;t1 I-angic x-ray scattering. held nnw fractionation. particle 
tnlcking an:llysis. atomic force microscopy I7J and x-ray 
diffmetion pq. These methods arc based 011 dilTercnt 
mcasurands, and .. cOl11pari~on between methods should be 
made with care. Mall), of the mcasurement mcthods for 
particle sizcs on the nanosc:tic Iwvc foc used on assc.~s ing all 
:lvcrage p.u·ticl e si/.e for the sample. Performance propertics of 
nanop:u1ides o ft en depend on .~ i zc atld shape and few part icle 
size d istrihutions o f comnK':rcial products ale 1110n0Il104.I:11 :lIId 
narrow in r:mgc. In fac\. thc n:Ulopanicie size d istrihution 
is important to product performance in applie'lIions. in the 
env ironment. and for health alld safe ty and for regu lations . 
Tra tlsmi~s ion clee tron microscopy (TEM) method .~ provide 
two-dimensional images of nanopartides; these images can 
he llsed to produce number-based si/.e dis t ri bution.~ . 

1.2. 11IIl1Iy.~i.\· (/1/(1 H,/,ol"lillj! (/f .l·i~(' (li.I·I,.iIJ/llioll.~ 

Because we arc ill1en:sted in lllorc than a si ngle po int 
representation o f the sample size. \\IC compared appropriate 
reference distributinns, stich as the norma l. log normal :md 
Wcibull distribut io ns. with part ide size distribution dalH. 
TEM part icie size d,ilil \\ICle convened directly to eumu l:tti\'C 
numhcr-b:lsed d istributions. TIlis inform:tt ion is usefu l for 
hoth nanopa rticle appli cation~. for which the surface properties 
ma)' be d isti nctly di ffere nt hduw a spcc ilic length scale. and 
regulatory requiremcnts. for which the fraction of parti cles 
be low a length .~ca l e o f 100 nm wou ld be related to whether the 
sample is on the n:mo!>Cale . Size di .~ t ri hl.ltion reference mndci!> 
generally h:lve two parameters. representi ng the size and the 
shape uf thc distribution. For thc normal di strihotion. these 
would be the sample mean and the sample st.mdard deviation. 
The number of panic les needed fo r high-accuracy estimat es of 
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the average d iameter is known to dcpcnd on the spread o f the 
p:lrticic size d istrihution II)J . 

An imrortalH stcp in the pnlCcss is vi sllali ..: ing the fitted 
mode l prediction relative to the actll al data. Th i.~ step helpcd 
us answcr the followi ng quest ion: where dues the modd 
dev iate from the data, i.e. over what d iameter rangc do 
we know the distribut ion well'! Th is has relevance for the 
appl ication and regulatory communities. Because TEM can 
he a costly method. automated image capture. particle analysis 
and s tllti stieal ;[SSCSSlllent werc pn:fe rred. 

1.3. Mf'lmlogy checkiisl (1111111'1"111 lil/illilioll.l· 

A metrology checkl ist I 1II 1. estahlished by Isorrc 229. was 
used to :Issess :md design Ihc protoco l ("ppend i" 1\ ). lllere arc 
a v.lriety of n::ference materia ls for chll ractcri..: ing nanopartic1c 
si ze (sec 111 J fo r lists of refcrcnee materials 1121 :md the ir 
sourccs). RMRO 12. a suspension of di screte, spheruida l. gold 
nallop:n1 icies with a nominal s i,-e of 30nm (NIST). W:LS uscd 
in this study to faci Jilale sample preparation . image capture. 
part ide .malysis and s t:lt istical assc.~slllent o f lIle:lsurcmelll 
uncertllint )'. I\Pl"ICndix B pr\)"il!cS lldi nitinns Ilf statistic" l. 
measllnllld s and me trology terlJl .~ uscd in til L, study. 

1.4. Pmlo("ol oiJj('("l i)"n 

This case s tudy is intended tn pw\'ilk a seicnti lic fOUlldatil1ll 
for an llllernational Organizat ion for Standardi:t':lt ioll (ISO; 
\~ \\ w.i.'o.org ) standard for the mcaMlfClIlent of part ide size 
di.,tributiollS 011 the nalJ(l.~l·:Jle hy TEM. The committce. 
[SOrrC 229 N{II/(I/cc/Illofogi<'s. was es tablished in 200.<i. and 
now has 34 national member bodies. ahollt40 li aisonl1lcmbers 
(other ISO TCs or in ternat ional organ i:t.lLt ions). along w it h 
I I observers. The authors of th i.~ study ilrc melllbcr~ of the 
US Technic:.l I\d \' isory Group (TAG) to TC 229. Standards 
developed hy lS0rrC 229 arc intended to improve commerec 
and facilitat e commllnien l i ol1~ among buyers. sc llers and 
regulators of raw and intermedillte materials. 

The case study protocol fOl" 30 1Il1l gol d nanllparticles was 
hased 011 .) N;L tiollal Inst itute for On;upation:ll Safety and 
Health (N IOS H) internal interl:lbor:ltory comparison I D. J~ 1 

and a generic protocol from the UK National I>hysic:ll Labo­
ratory 1151. Discrete. spheroidal llnnopartides reprcsent onc 
of the Icss-complcx nanoparli clc morphologies: mC:lsurands 
of thi .~ sample should have relat ive ly high repmducihil ity. :lnd 
filled p:trameters Illodelling the dis tr ibutions shou ld have low 
relat ive slandard errors (RSEs). There are mall)' TEM instill­
ments, and sample preparation tcehniques ilrc often tuned by 
each operator for the ir system. Typicall y, TEM s<llnple prep .. -
ration is a major contrihutor to measuremcnt uncertainty. Sam­
ple preparation was 110t asses~ed in th is case study. Sample 
mounting and di lut io n guidancc from previous sllldies of Ihi s 
rcference material was uscd hy une lab to prepare all sam­
ples. The major cllnstm int on TEM instrume nt fac tors was 
the Tl,.'<lui rcmell t for sclling the required image resol ut ion to 
>2 pixels nm I. This gave an image resolution contribution 
to the measurement uncertainty for a 30 11m pal1ie lc of - 1.6chl 

«0.5 nmlJO nm). The foc i for th is protocol were au tomat ion 



Parli~k siyc dislriblilIOI1' hy InonMni,siol1 eicctron microscopy 

Figure 1. SEM (Iefl-hanu ~l(lc) unu TEM (right-twnl! side) images ofRMSOJ2 [1-1). SEM shows faceted nal1o/wrticles. TEM shows the 
internal strllcture of a fa~eled gold nanoparliclc. 

of image capturc and particle analysis and its control plus sta­
tistit.:al assessment of the data, the quality of the parameters for 
the refercnee models and the reproducibility of the interlabo­
nltory results. 

ISO standards exist for the measurement of particle size 
distributions of powders (ISO TCI24), inclwling representation 
of particle size analyses I I (1-20J, accuracy of measurement 
method.~ 121 J and image analy);i.~ methods 122J. These 
methods, particularly ISO 9276-3 117], havc been applied \(l 

results of this interlaboratory comparison. The interlaboratory 
comparison team included industry (Cabot Corporation, 
DuPont, Hewlett Packard and RT1), US govelllment agencie~ 
(NlaSH, Food and Drug Administration (FDA), NIST) and 
a university (University of Kentucky). For purposes of 
conlidcntiality. thc labs an: referred to as Labs A to H. The 
University or Kentucky prepared all samples. 

2. l\hterials <Iud methods 

2. /. Sample selectioll 

NIST RM8012 has 30 nm nominal cliametergold nanopartides 
stabilized by citric acid in a waterdi~persion. The NISTRcport 
of Investigation rn J provides a mcan particle diameter (arca­
equivalcnt diameter) of 27.6 nln. No standard dcviation of thc 
distribution was reportcd. Rather, a conditional measurement 
uncertainty was wmputcd for results using different ampoules 
of the refcrence material (described in appendix B). The 
differential particle sizc histogram (figure (i of 124]) shows 
a size range from 15 nm to 50 nm, although these numbers 
were not t.:ertHied. This sif,e rangc was used for plutting the 
distributions of this study. Figure I shows scanning electron 
microscopy (SEM) and TEM images for these nanoparticles. 
The sphcroidal particles exist a~ discrete entities in watcr 
solulion, bu! afe faceted with specific crystal faccs. These 
nanoparticles arc not completcly spherical and, depending on 
how they 'sit' on the substrate, appear to be morc or less 
spherical, triangular or hexagonal. 

2.2. Samj!/c preparatioll 

Two sample preparation objectives are as follows; disperse the 
nanoparticles over the 3 min TEM sample grid so that particles 
do not touch (so the edges of the particles will be clearly 

Ml'lrojogw. 50 (20 (3) M,3-fln 

visible in the imaging system) and uniformly distribute the 
nanopartidcs across thc smnpling medililn f22J. RMgOl2 gold 
nanoparticle colloidal dispersion is stable; the nHnopartielcs 
have a negativc charge. Prior protocols altat.:hed this 
standard refcrcnce material 10 <lmine-functionalil,ed silicon 
grids (Catalo,!!. # SGOI-OSIA, Dune Sciences). The positive 
charge on the functionalizcd surface helps immobilize the 
ncgatively charged gold llanopartides, and thc silicon substratc 
provides a relatively uniform background for improved 
nanopartidc imaging !n, 14,24J. Wafers and a RM8012 
sample were generously provided by NIOSH. 

The typical time required to receive thc sample, acquirc 
over 500 dala pO·lIlt.'" analyse the data with ImagcJ and 
assemble the frame-wise duta into a masler table for analysis 
exceeded 20 h. Each lab reccived one grid; no grids were 
shared betwecn laboratories. 

2.3. Ins/mil/eli/ jac/ors 

ISO 13322-1 :2004 r22] provides guidance on electron 
microscopc operating conditions for particle siLc imaging and 
a mcasurement uncen,linty analysis splx:ilically for lognormal 
distribution:;, which would be the most com1l1on rcference 
model for Ililnopanicle distributions. TIlble I shows the 
instrument faclors or each lah. Specific guidance wa~ as 
follows 122]: 

• set the accelerating voltage according to the material to be 
measured (120kV); 

• select the sample working distance specificd by the 
cJectl"Oll microscope manufacturer for high-resolution 
imaging; 

• mOllnt the sample flat on the specimen holder with the 
stage lilt sctto zero; 

• switch off the dynamic fllcus and tilt correction; 
• align the instrumcnt according to Ihe manufacturer's 

procedures; 
• select operating conditions 10 minimize drift. 

While 110 SEM instruments were used in this study for 
particle size determination, it is notable that a reccnt good 
practice guide! 15J provides some guidance on selection of 
instrument parameters for use with this type of instrumenl Cor 
particle sizing. 
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T:thl(' I. lns1ilIUlerH fa(· l or~ . 

Org,lIlil<ll ioll A IJ C 

# HI' framc_~ (12 4" 2U 
HlHl ly~d 

# nf lI allop'1I1i ele~ '06 ()24 535 
m,, 'J )'~d 

Illst nll llcnl JEOL JI:OL J.,,, I 
JEM2 1(K) 20(M) FX JEM lOl l 

i\el·cicrat ioll 200kY 20()i;cY 8{)k Y 
\'oha~!,; 

M'lgui1i.;atinli 20000x 211)(X)x nominal H)(JOOOx 
( ...... 153 .• 00 x 
al ~ a llll,;r..l) 

FranK' ~il.c I{}:IU nnl 12 17.o nUi x I J20 IlIIi X 

81 1.211111 17(X)I1111 
Pixt.'i d imcnsioll 1).51 O.JO 0.5 1 

nm/pixel nm/pixel II In/pixel 
Im;lge aCllui.-i li,m h ·b 5 ., 

l im~ per frall\~ 
Mean signal-Iu-noise - 2.5 ...... 14.2 2 
mliu hetwccn 
h':'lckgmlllul 
;11Id P;111 ide 

IlIIagc analysis lm,I~C J In1<O!;e 1 Im age J 
snnwar!'; 

C(//illrmirm. Sinn' TEMs holve wilk r:lIIJ::es o f m;l}!nifir:ltinn 

and many Il l ...... rat i n~ mode.~. thc :I~ lUa l ma)!nilk:l tion at any 
givcn instrument sClIi ngs may ditTel' rrom Ihc indil.:aled 
magnif icution by up 10 1U'Y". Cu lihmlion of the ins trulllent 
to a known length scale under optic.,) condit io ns s imi l'1 r to 
thuS\! used ror analysis is preferred. Standards should be ru n 
ncar the lime of the s tudy to provide vcrifi ca tion II ]" l.:or(Cl.: t 
instnl lllcnt 1)["Ic rali I1l1 wi th in malll ifa cturer ~pcl.:i t il·a t i lul s ;ll1d 

10 v1\ lidale measuremc nt procedul·e~. Ty pical e)(;lmplc~ are 
given in a good prac tice guide (1 15. ~hap tc r 41). 

2.4. Im(ll;;t' (I("quixi/irm 

EaL: h paniL: ipa ting lah used the load illg proL:cdure spcd fic 
for the ir insl rumen t to mount the TEM grid in thc system. 
T he loading procedure was 10 minimi!.c Ihe eucentrk height 

'jd.i u s t l1l~ 1l1 r';l[uired . '11K' Hll.Igl'S \VCI~ to he uf sull 'e lent 
qual ity such that individual partic les ~a l1 he resolved and their 
d imCIl~ i (ln s measured. Eaeh lab an:llyscd one wnfer. measured 
allcas t 50n part iclc.s, and relXlrtcd Ihe re~lIlts to the tell tll . The 
speci lie instruct ions were the fullowing. 

• I\~qui re imnges that have hislIlgwlIls centred and wide 
enough to eovcr a t least SO% or Ihe possible grey levels . 

• Select a magni fie atillll/inlagc reso lution combina ti on 
tl1:l t will provide a mi nimulll o f two pixels/nm. i.e. 
> 2 pixelllln- I or <0.5 nm/pixel. 

• EnMlre thai a .~e ,,1c har is visible in em'h dig ital 
i m;\ge/f rame. 

• 1)0 nul exclude irregularly shaped particles ur particles 
with ~harp corners. 

• Do not report data for any toudling particlcs (note: 
overlapping punicles call rc~t o n one another. reducing 
their projected 2D :IrCa in a lop-down view). 

J) E F G " 
27 II 135 20 55 

51.' 60M 11 12 1480 5.' I 

JEOL l col 1'1::1 FEI'remai JEOL 
I () I I JEM I2:W Titan !W-JO(/ (~ ! Twill 201010 
lOO kV /iOkV JO(lkY 2(){) k V 12()kV 

2(J()(JOx 4(J ()()( )/ 27 0(JOx 19000x, 20(J(X) x 
250oo x. 
2<J(XM)x 

550ntll x I()(X)IIIII X 782 11 1llx I In5 nrn x 475 111 11 X 
55011111 14(.Khllll 7H2 11 m I K7 5mll ,175 nm 
1).50 11.53 0_38 0.5 0.50 
nm/pixel nm/pixel nm/pixel nm/pixel 11m/pixel 
4 s _'-5 s o.S s .h .' ~ 
...... 2.4 2 - 2 2 ...... 2.5 

Imagl'l Image 1 lm.lg.c 1 Image 1 IIm.!;e J 

• Do not report data for ;lI1y part icles thill "ppear ~ul by the 
frame (note: fo r the case in which there is .\ d i rreren~e 

in p,lrticle diameters greate r th an an order or magnitude. 
it may be necessary to estahl ish a fram e. divide it via 
,I grid p'l llcm . and rnea~ure large pnrticle~ at a lower 
lIIagnifi ciitioll , The protocol d id nOI add rc!-'>s this issue )_ 

• Coulll and relxm al leasl 5UO pan iclc~ in fra mes Ihal 
arc well spaced across Ihe ~am ple (note: the number 
of parliclc~ mcasured direL:1 ly "J"lc t:ts thc mC;lsurement 
uncertai nty o f the sample Illean and sl;lIId"nl de \' iat io n. 
In general . the uscr will se lc~·1 prec is ions for Ihe sample 
mean and ~Ia llda rd deviation. and then estimale how IllUIlY 
part ide~ migh t be needed. There is guidance 0 11 how lhe 
s:1 l1lple mean is ., fTccled by thc s,"nplc size 19, 25- 2:';]. but 
less guidance on the elTcets or sample ~ i 7.e on Ihe sample 
s l;mdard devia tion). 

• For all selected p.u·ticles in each frame, repo l1 the p:m icle 
numher. Ihe fratll (; number and all m(;asurand data . 

• Savl' images as l{l s~ lcs~ (li ke lagged illl<lgl' lilc lmllla\. 
tirr or dille ) image lile type . Do not S:1ve im ages as l os~y 

image lilo: type. like jp£_ 

The afea-~quivalent average diameters o f all reponed parl i dc.~ 

were used 10 generate number-based. ~lIll1ul alive particle size 

d ist rihutions. 

2.5. p(lnic/e (l1/{//y.~i.~ 

Si nce a large number of n;moparticles are needed ftll" a high­
tjuuli ly partidc .size di~lribuliotl. the work wil1 be faeil itated 
when image ,IIHl lysis sortwnre is used. Both ~Ll t1lrnercinl and 
open ~ollree soft w .. re are avail;lhle. For a typical .~mnplc , an 
Ol pproprialc re fere nce mooel ror the tI<li:1 Ill"y not he known. 
the data Illay oot he monollloolii. and the sample may IX! 

coni am inated with llannparticlcs of di rfe relll s i/.e.~ and shnpes. 



Mu ltiple models m ight need tn be cornp .. 1.rcd with the data 
and multiple measttrands might be need~d 10 help screen for 
the desi red nnnopal1 icles. There fo re. we have u .~cd a more 
general analysis approach thaI cstimntes the sample menn and 
standard devi;l ti nn fro m a nou-li uear ti t u f the rc fcn.:nce model 
10 sample popu lutio n dm;1. The minimum number of p;lrt ieles 
for analysis W1IS sct ;tISOO for each lah. based on the experience 
from pti or s tud ies. 

This protocol assumed that all images were taken in digital 
formal. ImageJ. open source software with a suitc o r ana lysis 
routi nes (htt p://r ... hwl·h.n ih'f:, jv/ ij/dl)wnload. ht ml). wa.~ used 
by a ll lahoratories fo r particle analys is. The procedure .~ t eps 

were as follows. 

• Creme work ing copies of a ll imag.cslframes (prcM!rvc the 
orig. inal unmodi fied ima)!cs). 

• Open InwgcJ ami 0IJl'nl hc frame lile. 
• Set lhc measurcmen t scale usi ng the scale har or ' ll1other 

measuremenl of pixel sin:. re tltt"tling to the ori ginal sca le 
prior to continuing . 

• Crop the image 10 remove scale bars and olher image 
al1efacts that m ight afTec t eontl';lsl or particle analysis. 

• Check and eOITect hrighltleSS and contrast to ensure that 
.tli ill1<tgcs have histograms cCllIrcu and wide enough to 

cover ,II lensl RO% o f Ihe possi hle grey lcvc1.~. 
• The thresholding oper;Ltiou lILay resull in Ihnne liles 

wi lh si ngle pixel a rtefacts or poor image qU'llil),. e.g. 
rough particles o r unc\'cn backgrou nd due to nOll-uniform 
electron 1x:,t1 n illumi nation. In the case of the fon ner. 
apply the desJled de and emd chlil ate proce.<;ses to relllove 
these artefact~ and savc the changes . In the C;\Sc of poor 
image qu nlity. Ihe operator co uld clean up the edges of 
particles or correct for Iitlevetl background by applying 
spcl: IiLi fi lters. As.~css Ihe image tr;lnsforlllation and S;tVC 

changes. 
• Touching part icles should not be addressed by using 

'lIt\omated separation algorithm s (Walershed. in the case 
of ImageJ). Rather. all partich: analyses should he 
recorded. and touchi ng particl es shou ld be removed 
manuall y fro m the spreadshect of the results. 

• Select Ihe measurands (such ;LS arell. shape descriptors. 
!'erel's diameter). Nole: ~evera l s ize and shal)C descriptors 
wil l help ident ify imaging and measure ment issues as well 
as assis t with the characteri ~. at ion uf Ihe sample . 

• Ana l y~e Ihe particles (lmageJ spce ilic se tt ings shLJ nld 
incl ude thc foll ow ing: show outli nes. display results. 
incl ude holes and excl ude un edges). 

• Savc each image h ie that shows part icle oUllines and 
Iheir numher seque nce . filename.til") and the sp .... :~tdshect 

(Results. xis). which reports " II rneasurand values. the 
particle numbcr and the framc numhcr associated with 
each panicle. 

2.6. Dmll fl/ud.ni.f 

There are three major applications for stalist iC;11 nn:.lysis 
of particle s ize data : assessment of d ata robus tness. lilling 

reference models to the s i ~.e di strihut ions and asscssmelll of 
meas urement um.:en a inty. 

M .. lm/og'''' su (2UI."\) 66:l 678 
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2.6.1. .\·ulli ... ,i("{lllI.ut'.f.\·/I/('1/I of (I(lw. Analysis of variance 

(ANDVA) was u~ed to assess lhe illlra-lahoralOTY repeatabili ty 

(variati on with one operator :md one instrument : sect ion 2.20 
of 12()I J ami interl aboratory rep r{\d uci bility (vuriution of 

measurements wi th thc same pnx;ess done with difi"erc nt 

instruments .md differenl operators: section 2.24 o f 1291). At 
Ihe srlCcilicd resolut ion (>2 pixels nm I). there were usuall y 

a small numhcr o f nanop:U1icles in any given view frame for 
mOM lahs. It is not likely that reasonable estimates for Ihe 

sample s i/.c mea n and standard devia ti on can be obtained from 

one frame. There fore. o ne-way ANOVA was used to test 
the null hypo thesis (see the dcl initinn in appendix 11 ) that 

all of the fr;nnes within one lah had the same me;1ll area­
equivalent di;nncter (repeatabil ity). A1.~o . ANOVA wi th Ihe 

fra mcs trcuted a.~ a randum cIYect nesled within l'lbs wa.~ w.ed 
10 illvest igmc the null hypothesis that the mea n 'lrea-equ ivulent 

d iameter among laoorator ies was the same (reproducibil ity). 

Finally. s ince RM!S0 12 was investigated for its mean are:\­
C(lu iv;llent d iameter. the bias (m trueness: ;lJlpe ndi x Band 

.~ee t ions 2.14. 2.14 of [.29 ]) of the reported area-equivalenl 
di;uneters can be estim;tlcd . 

For int ra- laboratory rcpcatubilily. the objective. metric 
and surtw'l re wcre as fo llows. 

Ohjt,t'lil"(': assess whether all frames wi thin :l se lc ~·ted lab are 

best reprcsellted hy the same mean. 

• Null hypo thesis: fo r each lal1. a ll frames have the .~ame 

mean . 

• A lternalive hypothesis: for each lab. not a ll fram es have 
the same mean. 

A'lelric: if the II-val ue <0_05. thell we rejecl the null hypothesis 
and conclude that at least two fr.une.~ reported by thai lab have 

di fTeTCnt .wemges. 

SOjllL '(/ {(' : SAS vl).3, the GLM procedure ( hll p : lI~ u p pLJt"1. 

,~a~ . J.:ullllth )C LL n Ie I L WI L( m/Cll lle n /~I;L I LL gIll 2'J()2/1 IT M l.ide fa ll 111 

\ ie\\l·r.hllllllgltlLhll· .hl Ill ). A prugr;ull is available for illlerlab­

oralory comparison users 10 perform th is test on daw rnalriees 

imfXlrted from an Excel sprelldsheel. 

For interl ahoratory reprodul: ihility. the objective. melric 

and soflware were as follows. 

Ohj('clil"{': assess whether all labs arc hest represented by the 

same mean. 

• Null h)'l)Qthesis: a ll labs have the Sltme mean. 

• Altcrnalive hypothesis: nol all labs have the same mean . 

Mf' /rit' : if tile /1-v,lIue <ll.05 .then we reject the null hypo thes is 
and concl ude that a l leastlwo lahs hilve dirrerent ,tvcrage.~. 

S Ofi ll'lIIl.': $AS \'9.3. the MIXED procedure (h ll ]l : I/~ ItP I"10 11 . 

~as .com/d()Cll I nentat i otl/e{t I /cn/~t at u g/6.W62 /11 T M I l de liLU III 

viewcr.h tl ll#lu ixn l h1c.htm). 
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2.6.2. Fillil/g 1l1f' I~'!lCC IIIIKit'I.I· W dafll. Threc rcC~'rcn !;c 

models arc cOlllmonly fillctl to cUll1ul;ll ivc IJarticie size 
dist ributi on duta: lognormal. Rosi ll- Rll1nmicr- BellllCll and 
We ibull. Thc~c three. plus the norlllal distribu ti on. wcrc 
compared with the cumu lali ve Ih~(llH.:m.:y data generated in 
this case study. In all cases. two paramclcr models werc 
used. Different ial probabil ily distributions were not used il.~ 

in formatiun is lost when the datil :m: oi nned . uften ooscLlri ng 
the details near thc cnds of the tli stri tmtio!ls. 

Three d iffcrent vislln li zati on mcthods 117) were used to 
optimi ze the jl:lnlmcter estimate~ ror c umulat ive di slrihutilln 
data: ( I ) Ininimi/.ing the v;u·jance hctween the dilla lllld 
reference model. (2) sell ing the residual deviations bel ween 
the dala and reference model to I.cm and (3) Inmsfol"l ll ing 
the three rcrerencc modcls intn li near functions (quasi·l inear 
regression). A cOIHmcrcial non·l ine:lr regres.~ ion p:lekage, 
SYSTAT@ soft ware (vers ion 10. 1). was uscd to optimi z.e 
p;lnlll1e ter~ for c,lch d;lta scI. 

The software provided the R2 vil lue fo r the optimi zed 
fit. the pafiuHcter eSli matcs (for example. Ihe meau . . f(fi l). 
and standard v:lriiltioll . . ~( f i l) ). and IlI l' Slil tlt liln:1 crnlrs o f Ihe 
parameter estimales (for exalnplc, S E iC I"1 and S 1:', (111 '). ' Ille 
mean anll lhc standard deviat ion of the model are dese riptive 
s1atistics. The stand:lrd error of a descripti ve .~ t u1istics 

desc ribes the ex pectec.l bou nds fo r u random sampl ing process; 
it describes how c lose the sample statistic (the mean or stancJanj 
devial ion) is to thme or Ihe poplllilli(lIl. The standarc.l crrors 
wcre cJ l'll'nll ined using \Valll con f idcncl~ .ntervah.. whk:h arc 
appropriate when there is lillie eorrcl:lI ioll belween the fill ed 
parametcrs, i.e. Ihe mcan and the st:lndard dcviation (this is 
1he case for all of o ur data ). The r,l1io of the stalllhmi e rror 
10 the estimate is the RSE. The RSE decreases as the nu mbe r 
of particles increases; smaller RSE vu lues indieatc th il t the 
estimate of Ihe parameter fo r Ihe s:unple is closer 10 Ihm of 
the whole population. The RSE C,U1 be used as a measure o f 
(fUali ty for filled parameters. f,K il il;lting the comparisons of 
different reference model s. d iffe rent measuranc.ls and di ffe rent 
lill ing me1 hods. 

For eilch parameter an d il s associated stati stics. it is 
l)()s~ ible to construct a 'grand' .~ I a ti st ic for the interlallofillory 
study. For example. the ritlell lognormal means Ihal each 
lah wi ll have a grand mean and a grand standard devi alion. 
The ril tin o f the grand standard deviation to the grand mean i .~ 

the cocf"licient of variation for that parameter Of stillislic Ifor 
exa ll1ple. t ".,\r.11 ilnd (-". i{lill). The e{lefficient {If v'l ri:ltil)[1. a 
parameter'~ standard error di\' idcd hy its es1imate. is .Iiso :l lype 
A component of Ihe measurement uncertainty (section 2.26 
of 12lJ I) ;Uld re1med to the reproducibility of the dala. The 
defi nit ions ri lr these slal isticaltuuls :Ire given in aPI"lCndi)( B. 

2.n.I An·e.\·slII £>W of 1II('m·u rel ll {'1I1 Ilm·(' /"/{/iIllY. Standards 
organization~ require statcments on measurement uncertainty. 
There arc d i ffe re nec~ between CEN (Com ilc Europeen de 
Norma lisalioll). ISO :lnd ASTM (American Socicty fo rTcst ing 
and Materials) approaches IJII I. although all of these report 
pooled ulleert 'l inties. ASTM uses precision and bias e~l illla t c.~ 

(ASTM E456), which ge nemlly quali{ies the test met hod. 
ISO Guide 10 Ih(' EXf!I"t'.I".\·io/l o[ Um·erwillly ill M{'(/.\"III"f'/lu' /II 
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(GUM) 13 II c.lescri bes top·dowli and bouo m-up 'Ippro:lches. 
The top·c.low n approilch . bilsell 011 repea1ed testing and the 
statis ti cal evaluation o f the resu lt s. i .~ used orten in chemi stry 
(sec ISO 5725 ). Thc bOllom-up upproaeh is more orteJl (but 
11Oll111 ly) u~ed in phy sics. This appnoadl ide ntifies il ll refcvant 
me;ISUrel1lel\1 parameters. identit ies all sources (I f um;el"lainl ies 
in Ihe les!. q ualll ifies each source of uneerl ai ll ty wi th a 
probabilit y distribution. cllicul:lleS the co mbi ned (pooled ) 
stilndard uncertainty. and estimates the expanded uncenainty 
al thc 9S'iI ~ont idcncc interval. SOllie rc i"crclll:cs pr!lvide greilt 
detail on Illeasurement uncertai nty for measurelllent of palticlc 
size alouc )1). 2S- 2X). We have followed the more general 
approach of Braun ('/ III )61. 

1I1l'(/.W/r{'fI/('1/l u/Il ·I'rlllilll)". FOl"thc arca-.cquivalent diameter. 
clements of thc pooled me:lsurC1\lent uIlcCI1aill ty, (II , (x)). 
cou ld incl ude the imerlaborntory reproducibility, (lI(ir)); the 
lruc ncss. (u(I)); ,md the inwge resolution error. (11«(")). The 
imagc resolutio n error depends Oil part icle size. nmging frolll 
3.3% 10 1.7'ff, to )Ik for parlicle sizes of ISlIlII. 30n m 
and 50 nlll . 

For the norma l d istributions. we have the info rmati on needed 
10 compute eac h of these cOlllpllnents for the sillllple mean. 
I-Iowever. the lognonnal mean of RM801 2 has not been 
reponed (lr cert if ied. so IlIl ly Ihe i1llerb horalOfY repmllucihi lily 
and the il1l:lg.c resolution error t: :cn he COIllPuted . 

3. Results and discussion 

3. I . Stlll/I ,k IJ/~'pll/"lllimi lIlUl ill.~/ I"IIIII l'1II [aC/or.l· 

Altho ughellch laboratory used a di lTerent TEM instrument . the 
sample grills were sui tilble for each one. Silillple preparation. 
a known clement of vari:lbilily for TEM analysis, was not 
v;lried ill thi s study. RM8012 is known 10 have dis\.:fe te. 
non-aggregllh!d gold nanoparticics in its suspension mediu m. 
This is t:on ftrmed oy its Reporl of Invcstigat ion. in which the 
average particle si,I;C by dynamic light scallering. is esselltially 
thesallll' as Ihe size by TEM. In geneml. the gold nanop,lrticies 
were well sep:lrated on the functional ized silicon 'rEM grid 
s llrfaee .~. but ;1 number of tOllching panitles were (loserved on 
all grids. There are al least two met han isms by which thi s 
could occur: agglomeration. whic h i~ a general phe nomenon 
for colloidal part icles in solution :lIld increases with particle 
concentrations. and random deposition o f o ne nanop,u1icle 
ncar another. Touching nanopafl icles were a!'sumed to be 
agglolllc rated. Rlr Laboratory H. a total of 672 nanoparticlcs 
were imaged . Of these. there were :i30 discrete nanllparticles . 
f.i ny-o llc dimer. I I trimer :lnd one septamer nano·objee t ~ werc 
j uc.lged to be touching and were no t eou nled. i.e. on ly 79% 
of Ihe imaged llanopilnicles could he used directly for the 
:cutmllill t:d part icle analysis. It is likciy that the identifi cation 
o f touching p.ln icles could be automated by usi ng shape fac tor 
or aspect ratio measurands. bu1 this was not addressed in this 
interl abora1ory comparison . 



One lab reported a calihration crror, which mx:urrcd when 
two dil1"en:11I magnilicali ons were used for particle imaging 
(one of th(;se ll\agn i li(;;11ions had nut been propcrly calibrated). 
Thi s type or error W[lS e,lsily detected by the ANOVA [Ilia lysis 
or frame-la-frame p[lrlicle diametcr means. In general, the 
labs could achieve good con trast helween nanoparlicles and 
thc backgrou nd, and the sampl e preparati on mcthod [ 1.11 gave 
a reasonable number o f discrele. nOll-touch ing panicles on the 
gri ds. 

3.2. AlllolIIll/cd IWrlic/e wllI/v.I'i.l' I'ia IlIIage./ 

One laboratory rep(lI"ted ! hre~holding problems Ih[l! resulted in 
a numher of small particle artefacts being reported. T his W;IS 

detected hy rev iewing the cUlllulal ive pat1icle size dislribut ioll 
of all the data; ahou t 5% o f the 'part icles ' were less than 6 lHIL 
which was known not to he characteristic of this refere nce 
material The issue was corrected hy redoi ng the thresholding 
and ensu ring that the dcspccklc and crodrldilate steps were 
used. The effeels of the erode/d il ate step can he chec ked 
di reclly during the p[lrticle analys is process . The artefacts also 
cou ld he rem uvcd manuall y. hut this would reduce the bendits 
of autom:l1ed <ltwlyses. 

Touching particles were not anal y .~ed in this interl ,lbora­
tory comparison, although Im agc.l has a tool to do so (\Vater­
shed ). The W[ltershed tool s.:: paratcs touching particles by in· 
s.:: rting a linear bou ndary at the 'nccks' hetween particles. This 
approach tends 10 reduce the total area allrihu ted to each parti­
cle and to lower the [lverage area-equ ivalent diamete r reported 
for the sample, ~i g.llre '2 shows res idua l deviations <lnd quanti Ie 
plots for the ana lysis of nOll -touching and touching part icles 
reponed by Lab E (Ihe maximum Ferct diameter was used [IS 
the rneasllrand ror these plols), The W;ltershed algori thm data 
have larger residual deviutions th an the non-touching part icl e 
data (f igure 2((1)). On a quantile plot. Ihe size dis tributi on for 
the Watershed algorithm (hlta is narrower and the mean vulue 
of the dis trihution is shif1l.:d to a lower val ue ( fi g ure 2(h)). The 
usc of this al gorithm could int roduce a consistent bias into the 
sample mean data. 

OI/I(' rjiH'/ors (ljfcclillf-: par/ide (jIw{Y.I'i.l' . Even wi th discrele. 
spheroidal particles and a good sampl e preparation method, 
the resu lts of the automated parti cle si/.e analysis call 
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Fi~urc 2, Comp<lrison of (lala for non-louchi ng p.(rticles (solid 
hlack squ.(res ) and lhe Watershed ;tigorith(ll for separation o j 

touching particles (open red circles). Lib E, (tI) comparison of 
r.::sidual d.::vialions. (/I) Comparison of quanti le plotlransfortlls. 
X and Y ar.:: (k lincd hy lable I of IS() 927(,-3 11 ."i I. 

post-process ing rev iew of the raw data from the automated 
image capture and parti cle ,malysis process. Interlaboratory 
comparisons o r the data showed th;lt there were d i rr erenees in 
the ranges o r particle sizes reported as well as the cumulative 
p,lrticlc si/.e dis tributions. These d in'erenees appeared to be 
due to diflCrences in how operators treated the data and/or sct 
threshold ing parameters. 

.1.3. D(lltl (ll/a/y.li,\' 

requ ire additional operator review. Typical anal ysis prohlems 3.3.1. /1.1'.1'(',\'.1'/11('11/ oj dallll/I/uli/y. Stmisti c[li methods used 
were thresholding inconsistency and <lrte f[lcts created hy the 
inclusion or scale hars in the analysed images. Since gold 
llalloparlicles [Ire face ted , crystalline solids. d ifferent cross­

to assess data precision and acc uracy ass ume homogeneous 
variance [lnd norma lly dist ribu led resid ua ls. 

~ectiona l shapes CUI be present in the images [lnd very few IlIIm-{a!lo /¥/lory a .I.ITS.IIIICI/I.I'. The one-way ANOVA test 
particles have shape fac tors ncar olle (represent ing a circular 
cross-section). Although area-equi valent di:l1l1e\er was the 
preIC ITed lIleasurand for this study (parl iCllI[lrly si nce this was 
the measurand investigated for RM80 12), other measurands 
that relate to nanoparticlc shape provide importa nt information 
about the sample. These include the minimum amlmaximulIl 
Ferct diameters. ,\ltd the shape factor. ror 1Il0re complex 
sh[lpes. [lddition al me[lslIrands should be considered 12() 1. 

The protocol used for the US TAG interlaboratory 
comparison on go ld nanoparticles provided no guidance lor 

prov i{lcs a rapid way to assess whether the data in all frames 
withi n a I<lb arc best represen ted by the same mean. [f the null 
hypothesis is nOl rejel·ted. we have more con lidenn~ in the data. 
[f the null hypot hesis is rejected. the panicle d<lta (images plus 
measurand resu lts) e<ln he reviewed 10 determinc whethe r any 
artef[lcts or unusual particles ex ist in any frame with a mean 
not e(IUal to the lab gr<lnd meall. Therefore. intra-labof[ltory 
statist ie;ll assessmcnt can help identify the fo ll owi ng: (I) 
repeat;lbility, (2) particles that lIlay be outside the expected 
range for thc d istribution, (3) fr[lmes with dissimilar mean 
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Figm'c 3. ANOVA box plots comparing fwnw mean~ and data 
ranges, Lib G. Vertical hne = ovcrall mean: ~olid diamond =-0 frame 
mean; grey box = 15th-75th perccntile for cach frm11c (interquartilc 
r,mge (JQR)): black e1TOl" bars = X - 1.5 x IQR to x + 1.5 x IQR 
('Ipproximately.~ - ,I' to x + .1', where.~ is the mean of [he natural Jog 
oflile area-equivalcnt diameters): stars = extremc points beyond the 
black C1Tor b'lrs. 

particle siles, (4) ealthratioll errors at diJTcrent magniJkution 
levels, (5) thresholding to elimillate small 'ghost' particles, (6) 
thresholding to eliminate large pat"licles, (7) touehi ng particles 
measured as one particle, and others. 

Any particles added to or removed from the data set would 
need to be justified on technical grounds. We prder not to usc 
traditional outlier tests to identify particles that appear to be 
outside the distribution-we are trying to determine its true 
'breadth'. In addition, showing the data range and mean for 
each frame can trigger reviews cven when the frame mean may 
be similar (an unusually hll'ge and an unusually small partide 
might ofrset eaeh other. for example). The variation in the 
sample means provides an indication of the intra-laboratory 
repeatability. 

Figure :\ sbows the data range and mean for each rrame 
rep0l1cd by Lab G. The grey boxes show the interquartile range 
for each frame (the middle 50'/0 of the cumulative distribution), 
with solid diamonds indicating the frame mean. The vertical 
line represents the overall sample mean. Two of the frames 
have inlerquaJ"lile ranges less than the overall sample mean 
(frames I and 14). Frames I, 5, 14 and 19 are the frames that 
are trimmed by our '>90th percentile or < 10th percelllile' 
rule. Extreme data points of these frames were reviewed to 
ensure that the image represented a nanoparticie and was not 
an artefact All verified nanopaniclcs were used to generate 
the cumulative distribution for each lab. 

Different rneasurands will have different ,,-values in the 
ANOVA test. As mentioned before, it can be useful to evaluate 
seventl measurands as a way to better descrihe the morphology 
of a sample. As these gold nanoparticles are fHeeled, they will 
differ from perfect spheres. so differel1tlength measurements, 
sllch as the maximum Fcret diameter and the shape factor, 
would provide additional information about their size and 
shape. TabJe:2 shows the one-way ANOVA analysis for 
three dirrerent measurtlnds: the area-equivalent diameter, the 
maximum Feret diameter and the shape factor. We have takcn 
the logarithm of each measllrand hecause the distribution of 
the non-transformed data is right skewed. For each measufand, 

there are some labs that do not meet the null hypothesis; the 

670 

Tahl~ 2. ANOVA for the natural logarithm of threc rnea~urands: 
(A) area-equivalcrH diamcter, (3) llla~il1lulll Fcret diameter ~Illd (e) 
shape fador. The I'-values rejecting thc Hull hypolllesis of all 
frames having cqll,1I means arc italicized (p < OJJ5). 

(AJ ;\[atura! log of area equivaknt 
Area-equivalent 

Laboratory xjln(nm) s/ll1(nn1) p-value tiial11etel'/Illll 

A 3.34 0.0{)66 0.711 2H.o 
B :'1.33 0.0030 (WOOl 27.9 
C 3.33 O.U(l36 0.274 27.9 
D 3.27 0.<)067 0.168 26,4 
E 3.2K 0.0031 O.OOfO 26.7 
F 3,33 O.(XJ23 0.0026 28.0 
G 3.31 OJXJ26 «).OOOI 27.5 
II 3.31 0.001K 0.106 27.4 

(B) N,lturallog of Perc! diwneter 
Feret 

Laboratory xjln(nmJ slll1(llIn) ,,-value diameter/l1lll 

A 3.43 OJ)(}69 0.758 3L2 
B 3.40 0.0035 (WOO5 30.1 
C 3.41 (1.0043 0.342 30.5 
D 3.36 0,0065 0.413 29.0 
E 3.40 0.0033 <0.()()01 30.2 
F 3.43 O.OO:lO 0.138 30.9 
G 3.42 (1.0027 <0.0001 30.6 
II 3.39 0.0040 (W054 29.8 

(el Nntllnillog of aspect ratio 
Mean aspect 

Laboratory , 
" p-vaille r,llio 

A (J.IOO 0.0036 0.904 I. I 1 
II O.OlJB 0.0()34 0.351 l. I I 
C 0.123 0.0065 <O.O()Ot 1.15 
0 0.107 0,0042 0.290 1.12 
E 0.107 0.0041 0.0003 1.12 
F 0.109 0.()()35 0.961 I. 12 
G 0.108 OJ)(127 0.0051 1.12 
II OJJ89 0.0032 0.0459 1.10 

mean of thc measurand for at least one frame is not similar to 
the mean of the cntire sample. Only two labs of the eight, A 
and D, meet the null hypothesis for all three measurands. 

Inll'rfa/Jora/lli-y aSSl'.I'.lmen!s. Table::; shows the mean and 
standard deviation (as defined for normal distributions. 
appcndix BJ, the minimum, and the maximum arca-equivalent 
diameters for each lab. Assuming that our laboratory reslllts 
arc normally distributed, we can compute the mean, standard 
dcviation and coefficient of variation for caeh of thcse 
parameters, i.e. the grand statistics for each of these parameters 
across laboratories. The grand coefficient of variation for each 
parameter should relate to its relative measurement uncertainty. 
This approach does not dirrerentiate between homogeneity 
(sample-to-sample) and reproducihility (lab-to-lab) causes. 

RMROl2 has heen eertified for its mean value only (x = 
27.6 nm). The sample me,I1lS for each lab can be compared 
direelly with Ihis value. The grand mean, Xg,.,,,,tl ["",Ln' of the 
eight individual labs is quite ~illlilar to the reference value; 
its standard deviation is 0.71, and its relative coefficient of 
variation is 2.6% (expressed as a percentage). As the standard 
deviation and data range of RMS012 have 1101 been reported, 
the illierlah grand means for these parameters cannot be 
compared with those of the rererenee material. 
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l ith ic J. ('\It' mci~n(s of v;,riation lor Ihe inlcrlnhom(UTY 
cumrmison. Mca~uram l = an.' iI-C(lui\,:lkn\ diameter: normal 
J i ~l ri hU li(ln b ;IssulIlcd . 

Nonm,1 
Mudel pammctcrs RC("M1T1cd rangdnm 

tl islrihut ion j ) l1111 .1'/11111 D,_c.", ,, , lJ . ... ·.m," 

RMKOl 2 27J) 
Lah 
A 28.6 ll7 2 1.9 70.7 
B 2K. 1 2,17 2 1.6 37.7 
C 27Y) D O 22..1 36.7 

" 26.5 2.(.1 19.6 51.2 
E 26.7 2.0 ] 15.9 ]],0 

" lX.O 2.1 t) 2L7 35.2 
G 21.6 2.6CJ LH 45.4 
11 27.'1 2.47 In,!! <1 0.4 
.~ of par-ullder 27.6 2.44 IY.7 HI! 
.I' of parameter O.7()X OJ61 1 13 12.4 
t,. of para111ete1' 2.57'X- 14.8% 15.9% 2X .2';' 

Tall ie 4. Rda( ivc bi,ls fOT the il1t ~rI;ll1[)m lury comp'lrison (c~pn.;.~scd 

as a p,:n:cnl'lgc). MC<I.,urand = ,1t'c;l-cquh"a lcnI diamdcr: nurmal 
distributiull i~ 0l~sul1lcd . . 1 = 27 .() nm fliT RM8012. 

Lah 6 . 

A 1.0 
B 0.5 
C 0 .3 
D 1. 1 
E D,l) 

F 0.4 
G {),O 

" 0,2 
Bi;IS 0.55 
RcI;l livc hi;l~ 2. fl~ 

T he grand ~ tandard ueviil liun. s):r~nd I1Imn . of the a rea­
cquivaicru diiuneh:r~ is 2.44 mn and its rdative coefficient of 
variation i .~ 15%. The low <lnd high a rea-eq uivalent diailletcrs 
for the inlerlaboratory l"( l1np, lI'ison lahs have higher re lalive 
c(lcflic icnts of variation . 15,1)',4 and 2 )1 .2';';" rcspectively. In 

general , parameters linked to the breadth o f the d istri bution 
hilve l11uch higher ('oc flki enlS of v;lr iation than docs the 
d istrihution mean. S in!.:c the mean diameter is reported 
fm RMROI2. we !.:illl compute the hias lIs ing Ihe defin ilion 
providctl in appendix B. For 11/ = .r (the mean of the sample 
or rckrcncc lllater ia l).lhc hias i~ ddined as 

[ " t\ . 
h ia.~ = i 1 m.' 

" 
where 6. ", = Ie", - 1", ,,,, 1 is the absol ute diffe rence bctweell the 
I1I C, II1 lIIeasurcd value and Ill\" certiJied v,due. 

Tahle -I shows the.6.", v:dues roreach lab. The rel ative hia.~ 

for lhe mean of the inte l'lahor.ltory compariwn study was 2%. 
The inle rlabor<ltory assessllIent used a mode l with r"nnes 

nested within Iilbs to ident ify d ilTercnees between pairwise 
laboralories. Similarly \0 the intra-I:lboralory assc.~smenl. the 
null hypothesis is that evel) ' I;lb has the Silme mean. Results 

fl"Om the ANDYA lesl can vary dependi ng 0 11 the meastlrand , 
For the area-equivalent d iameter measurand, the fram e-to­

frame (nested) ANDYA anill yses gave s imi la r resu lts when 

c 
o ." 

1 

.E 0.75 ." ;;; 
1J 0.5 
~ ., 
m 
:; 0 .25 
E 
~ 

" o 
1.2 1.4 1.6 1.8 

'l' (shape factor) 

J<'igun: 4. Shape factl,r of gnld n<llu'parlid cs. 1.;10 II : tlata (0['X:n 
d rclt·,;) lilled 10 a R (ls in- ]{;1I1l1ll I cr-Jknn~tt 1l1 0d~1 (~ol itl red line), 
For li llin):, pll rposes. Ihe , lul[ l!.: 1"<I('[( ,r (SF) was transformed It, 

SF, "" I - SF. 

using e ither Ihe i.Irca-e(luiva1cnt d iamcter (correspuntling to 
the no rm,,1 distrihution) or the log lransfon nctl llleas Ul"l.ll1d 
(corresponding to the lognonnal d istribution ). For mosl lab 
pairs. Ihe null hypothes is \V;IS rejected: only 4 of 28 pairs fa il 
to rcjcelthe null hypothes i .~. For this !.:omparison, r,,"nes wit h 
me,l11 S less than the IUth percenti le or greate r than the 90I h 
pen:ent i1c were exclutletl. i.e. da ta tlwt migh t be questionable 
werc not considered. Th is suggests tha I the lah means are. in 
general. d ifferent frOIl1 ellch olher. possibly related to the lJ.~e 

ni" tl i ffcren t instruments and different ope rators. 

1.J,2. Fill ing rtf/frl'/If '/ ' 1II0(1t'1.~ 10 lImll. The visual 

comparison of the data to a re fc ren!.:e model is valuable in 
selccting whidl models :Ire appropriate. Figure -l shows ;1 
cumul ative d istr ibulion plot of Ihe Rosin- Ramm ler- Bennett 

model applied to th~ sh'1pe fac lor dala of lab 1-1 . The equation 
i.~ shown in the fi gure; the filli ng parameters werc se lected t(1 
min imize the variance between Ihe mode! and the dll la. In 
genera l. the model (red curve) tracks di rectly through the data 
exce pt at high values. There nrc more nanoparlic1es with hi gh 
shape factors thiln predicted by the model : in this dala set. 
the highest shape f,lelor was ..... 1.7 and a si!; nil il'anl frac t ion 

of Ihe n:lI1o]Xlrt ic1es had shape factors greater than 1.2. The 
med ian value for Ihc shal>C f .. !.: lor is 1.07. indicating tha t the 
go ld nanopan ides arc not perfec tly spherical. 

Sf'lI'Clillg Ihe n /l'I"I.'IICl' IIIO"eI ( 111('(1,1·/11"1.111(/ = lIrt'lI-I'qllil'ldent 

rliwllt'll' r). The lognorma l di"lrihuliOIi is the preferred choice 
I'm the particl e size distrihution data in this interlaooratlll"Y 
comparison as it s fi lled parmncters have lower coe ll icicn ts of 
vari at ion than other refcrcnce models. Table .'i reports Ihe 
parametc r estimates, their standard errors. and the RSEs for 
the no nn:! l illld IO!;nOmlal reference models applied 10 the data 
(If each lah. The qual ity of the Iii can be assessed. in parI. 
by comparing the RSE ror the par;unele( c.sti mlllc.s of Ihe two 
referc nce models. The RSE grand mean for the lognormal 

model is one-fourth that ur ,he RSE grand me:m for the normal 
model. The RSE grand st:mdard deviation for the lognormal 
model is abollt 30% smalle r than that of the nOl"lI1a l model. 
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Tahle 5. RSEs of fitted paramcter,: (A) lognormal di.'>lrihutlon and (B) normal distrihlllioll. 

Mean Standard deViation 

X (Jit}jln(nm) SE,(lI[1 RSE,rIJL' s(flt)lln(nm) 

(AJ In(U.,_,) Lah 
A 3,34 1.3213-04 3.95E-05 (J.OSOfJ 
B 3.32 1.69E-04 .'i.{)9E-05 0.0720 
C 3.32 9.19E-05 2.7613-05 0.0798 
0 3.27 l.r:m-04 3.45E-05 0.Og23 
E 3.2g l),55E-05 2.91E-05 0.0736 
F 3.33 5,9213-05 1.7813-05 O.()708 
G 3.31 6.2513-05 J .S9E-05 Om45 

" 3.30 2.4IE-04 7.30E-05 0.0811 
.r of parameter 3.31 3.fi4E-05 0.0768 
.1 of parameter 2.53E-02 1.83E-OS 4.5SE-03 

.I'(lil)jnm SE'{F;rl RSE"r", s(fit)/nfll 

(8) D., c Lab 
A 2B.3 5.34E-03 1.88E-04 2.27 
B 27.9 5.1166-03 2.IOE-04- 2.01 
C 17.8 2.70E-03 9.7IE-05 2.21 
0 16.3 3.8913-03 1.48E-04 2.15 
E 26.6 3.52E-03 1.321':-04 1.96 
F 27.8 2A5E-03 8.80E-05 1.97 
G 27.5 2.06E-03 7.50E-05 2.04 
H 27.1 8.25E-03 3mE-()4 2.19 
; of paramelel" 27.4 l.S5E-O.4 2.10 
s of paramctel' 7.fl7E-Ol 7.67E-US UtE-OI 

The {?2 values for bolh reference models are close to one 
and provide little difTerentiati()ll. The Weibull distrihution was 
also fitted to these data. It had lower R2 values. highcr RSE 
values, and a poor til viSllaliy to the cumulative distributions. 
particularly at the lowcr palticle sizes. 

The standard error of a statistic is expected to decrease 
as the numher of data puints increases (SE, ~ [I JIi). As 
shown in figure 5, thc RSEs of the fined lognormal mcan 
and standard deviation show an inverse trend to the number of 
particles measured. The R" values of power law correlations 
1'01' these data RSEs arc not high, likely rcllccting other factors 
a~sociated with the diffcrentlaboratories. 
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10,000 The coefficient of vanation reprcsents the standard 
deviation of a statistic, and can be used to compare 
reference modcl choices acro.% the intcriahoratory study 
(using the 'grand mean' approach). For normal and 
lognormal distributions, the mean and standard deviation can 
he computed hoth from the standard definitions and the non­
linear regression approach (litted parameters). ·1~1hle 6 shows 
these data for these four ca~es (two rcference models with 
twu estimation mcthods). The two cocfficients of variation for 
thc fitted parameters (mean and standard deviation) need to 
be considered together in making the decision for a reference 
mode!. For the liued parameters, the coefficient or variation 
for the ]ognofillal mcan is Illuch smaller than the coefficient 
of variation for the normal mean, while the codTicients 
of variation for the related standard deviations are similar. 
Therefore, the lognormal reference model appears to he the 
better choice when non-linear regression is used. When 
the standard ddinitions for mcan and standard deviatioll arc 
used, the coefficients of variation for the n~spcctive grand 
means are similar while Ihe coefficient of variation for the 

# of particles analyzed 
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Figure 5. RSE of the sample lll~an~ and standard deviations for all 
IHIJ~. Lognormal model paramcters for the area-equivalent diameter 
distribution; open squares = standard deViation. opcn 
circles = mean. 

st:lIldanl dcviation of the lognormal rcference model is lower 
than that for the normal reference model. In this case, the 
shape of the distribution appears 10 be better described by thc 
lognormal model. 

SefCClillK measllrtlllds. In this study, the preferred measun\[]d 
is the area-equivalent diameter, primarily because the sample 
itself has been well studied with respect to J),,_c' With 
more complex morphologies, the choice of key measurands 

may not always be guided by the application. For example, 
nanopartiele shape might be characterized either by the shape 
factor or circularity; the choicc might be made based on 



Particle si7€ distributions by tra"'llli"io" electron microscopy 

Table 6. Compari~OIl of fiued I'ammeli:r~ nml slnnd:ml dclinitiollS for nlllnbs (gr:lllJ mean.,>, !!mnd stnndard dcvi:l1ions :Ind their coefficients 
of variation): (A) lognormal distribution and (B) normal distribution, 

~ (Iit)/ln(nm) 

(A) LORI/Orilla! dis/rilm/ion 
Grand x of parameter 3.31 
Grand s of pnrmnelcr .D25] 
Gnilld CoY ofparamc\cr 0.764% 

.I-(fit)/nm 

(lJ) Norma/ disll'ihulio/l 
Grand x of parameter 27.4 
Grand s of parameter 0.707 
Grand CoY of paramcler 2.58'1;-

the data 4uality. Or. different image processing algorithms 
might give dala of different quality. As discu~sed in the 
previous section, ANaYA tests can be used to identify frame­
to-frame similarities of measurand means. This distribution­
independent approach provides some guidance on which 
measurands are well known. 

A comparison of coefficient of variation values for the 
area-equivalent and maximum Ferc! diameters showed no 
statistically signiJicant difference hetwecn these measurands. 
The R" values for the non-lincar regression fits werc hoth 
O.99X. The coefficients of variation for the mea]};. and standard 
deviations of these measUI'ands were similar, and both values 
were within one standard deviation of each other. Therefore. 
the selection of either would provide a similar measurement 
uncertainty for the distrihution Ilt. 

Sc/cctin/i tfie .lilling method. Three titling methods arc 
described in ISO 9276-3 [171. Figure 6 compare;. fitted data 
for two labs that did not reject the nul! hypothesis for similar 
frame-to, frame means (Labs Band F, table 5). The comparison 
included the ANaYA frame·to-frame assessment (boxplot), 
a cumulative frequency plot, a residual deviation plot and 
a quasi-linear regression (quantile) plOL For Lab B, the 
ANaYA hoxplot (A I) ..,hows rdatively uniform distribution of 
data around the lllean diameter (computed using the standard 
definition: solid vet'\ieallltlc). TIle cUlllulative distribution plot 
((12) shows that the model (solid curve) tracks the data well up 
to 90% of the sample, then underestimates the fraction of large 
particles. The residual deviation plot (a3) shows systematic 
deviations of the duta from the modeL Thc ana!ysi~ of this 
effect is beyond the scope of this work. The quantile plot (04) 
shows that the model tracks the data reasonably well between 
-2 and +2 ~tandard deviations from the mean (as shown on the 
Y-axis). Above and below these levels. there arc systematic 
deviations. 

Lab F had the lowest coci'!il:icnts of variation fur its 
parameters. The boxplot for Lab F (I; I) shows a relatively 
uniform distribution of the data around the mean diameter. 
On the cumulative distribution (b2), the model (so!id curve) 
tracks the data well over the entire distribution. The residual 
derivation plot (b3) shows that there are systematic deviations 
from the model and the data. The quantile plot (h4) shows 
that the model tracks the data well over the range from -2 
to +2 standard deviations from the melln. However, there are 

Mcrm/ogm. 50 (20U) 663-67,'; 

,I'{ Ii t lIln( nm 1 x/ln(nm) slln(nm) 

(H176K 3.31 {),0836 
0.004 5g 0.0914 D.OO833 
5.96'7r 2.76<)t 9.96% 

,I'lfill/nm .r /nm .I/nm 

2,10 27.6 2A6 
0.121 0.721 0.392 
5.76% 2.61'% 15,9'7r 

noticeable deviations of the data for larger nanopartieles for 
s!andard deviations greater than 2. 

Based on these examples, the cumulative distribution plot 
appears to be a rcasonahle method to develop a general fit to 
the data. The residual deviation plot would be most sensitive 
to differences ill the middle of the distribution. The quantile 
plot is very efficicnt for idenlifying dcviations at the edges of 
the distribution. In general. the choice of method will depend 
on thl: Ilpplication for the data and model. 

3.3.3. Asse.I'.I'lIIclli oI mca.I'lIrCIllr'II/ IIl1cerlainty. When we 
evaluate the urea-equivalent diameter using the nOfmalmodel, 
we can generate the following meusurement uncertainty 
components for the sample mean: the interlab reproducibility. 
the trueness and the image resolution. However, since the 
rdercnee lllateria! was not certified fur a lugnormal n:fcrt:nce 
model, it is not possible 10 determine the trueness of thc 
preferred reference model parameters of this study. Rather. 
we computed expanded measurement uncertainties for the 
reference model parameters, mean and slandard deviation of 
the interlaboratory comparison. Using coefficients of variation 
allowed the comparison of lognormal and normal parameters 
on a relative basis. The equation used was [2.1] 

where k = 2, N = 8 (number of observations), and c" 
corresponds to the appropriate value in tllble 6. The most 
interesting comparison is het ween the filled parameters of thc 
lognormal distribution (the preferred model) and the standard 
deliniliol\ parameters of the normal distribution (RM 11012 is 
certified for this mean). For the litted lognormal distribution, 
VII.C..\(filj = 1.62% and VU.C.,(lill 12.6%. For the 
normal dislribution. VILC.x = 5.54% and VILe.., = 33.7%. 
Even though the mean area-equivalent diameter for this 
interlaboratory study was similar lo the value assigned to 
RM8012 (table :'I), the expanded measurement uncertainlY was 
over 5% Oll,t relative basis. 

4. Summary and conclusions 

Automated analysis of particle size measurands is an important 
objective fof interpreting particle size distributions by TEM. 
Properly implemented, automated image ullalysis should 
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Figure 6. ('rlmparisoll or lit ling Illelhod~ (lognormul di.',[rihlltion). Lah B: data = open squarcs. (al) ANOVA means for eaeh fr<lllle (sec 
ligllr{' _, e,lptioll for symbol descriptions), (a2) cUlllulalive disllihu(ioll lit (solid red curve), (a3) residual deviation uatu, «(/4) quasi-linear 
regression 111 (snlid red clIrw); Lah F: (hi) ANOVA means for eaeh frame, (h2) cumulali\'c distrihutioll tit (solid red curve), (1)3) residllal 
uevwtioll lil. (h4) quasi-linear fC):,rcssion fit (lognormal model = solid rcd curve; normal Illodel "" doublc black curve). 

reduce the time needed for evaluation and provide protocols 
with documented precision. Statistical analysis or the test 
results can be lIsed to (I) ;lSSCSS the data quality with no usc of 
reference models, (2) determine reference model parameters 
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for different mude!.~ and filling methods, and (3) assess 
essential parts of measurement uncertainty of parameters by 
using their coefCicicnts of variation. These quality measures 
can be used for a variety of applications, such as process 
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quality conlrol, regulation IXI, and method development and 
validation. 

Comparing the particle ~ize distributions of non-touching 
and {ouehing particles demonstrnted that the decol1voluting 
routine reduced both the ll1e,lll and the standard deviation for 
the processed data set. Sel f-review of panicle si/.c distrihution 
data can be improvcd by the use of stntisticnl annlysis tools that 
quickly identify particle images that should be reviewed [or 
consistency. The ANOYA test can be used to evalunte intra­
laboratory and interlaboratory uata qmdity independent of n 
model choice for the distribution. If these methods are used 
with a reference material. then thc trueness of the protocol to 
the value assigned to the refcrence material measuralld Crill be 
determined. 

In this interlaboratory comparison, only two of the eight 
labs did not reject the null hypothesis of similar fmme-to­
frame means for three different measurands (area-equivalent 
diameter, maximum Feret diameter and shape factor). Yet, 
the interlahoratory area-equivalent diameter mean (27.6 nm; 
coefficient of variation = 2.6%; expanded measurement 
uncertainty = 5.5%) was quite similar to that of RM8012. 
With respect to visualization tools, the cumulative distribution 
plot was used to verify general agreement between the data 
and model, the residual deviation plot was helpful in showing 
deviations ncar the sample mean, and the quantile plot was 
used to show differences near the ends of thc distribution. 
Quasi-linearplots of the eightdatascts showed that the average 
range for good fits hetween the model and the cumulative 
number-based distributions was -1.90" to +2.30-. Therc orten 
were significant deviations ndween data and model outside of 
this range, sugge.qting a practical1irnit to the applicability of 
reference models for TEM characterization. 

The RSEs of the filled parameters provided a good starting 
point for evaluating intra lab data quality. Thc RSEs aided in 
the selection of preferred reference models, the comparison of 

Particle ,ize di,triblllio"s by tran';l1li_,>~ion electron micro,copy 

different measurands and the selection of the fitting methods. 
The RSEs did not appear to cOITcialc with the numberofframcs 
analysed or thc pixels/mil of the frame scale, which was tightly 
controlled. RSEs for lognormal model parameters, the mean 
and standard deviation, gcnerally decreased as the number of 
particles measured increased. However, the standard deviation 
RSEs were about two orders of magnitude larger than those of 
the mean. Therefore, most of the error of the reference models 
appears 10 be associated with the breadths of the distributions. 

Interlaboratory results were analysed by constructing 
grand averages of the paramcLer values from al! labs. Thc 
C()efJiclCnts of variatioll (as percentages) could be used to 
evaluate quality of the parameter estimates across the ILC. In 
general, the grand mean i~ bellcr known than the grand standard 
deviation. The coelJicicllt of variation for it paramcler could he 
used to estimate its relative expanded measurement ullcenainty 
as part of a measurement uncertainty budget. 
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AIJpendix A. Metrology checklist [10] 

Metrology thecklist for p;lI1ick si~e distribution by TEM. 

Question 

L~ the system/body/substance that will be subjecled to the 
mellsurement proecdure ckarly described, including its slate') 

Is the deli nit ion o( the system/body/substance 
not unneces~arily restrictive? 

I~ the mea~llrallli clcarty {kscrihed? 

Has it been clearly indicated whether the me(lsurand i, 
operationally or method-deJin~d. or whether th~ m~asll1'and 
is an intrinsic. strueturally defined ]lm]lcrly~ 

I, the mcnsurcmelll lmil cielined'! Ar~ thc tools 
r~quifed to obtain metrological traceability a\'ait,lhte'/ 

Ml'Ir%gia. 50 (2013) 6(,3· 6n 

Response 

The objective is to mcaSllre the particle si;t~ distribution 
of II discrete, near-spherieallwnop,lrticie sample. 

The definition i~ not unnecessarily restrictive. The 
proWcol will be applicable to powders, dispersions and 
sll~pellsi{)ns that can he dispersed 011 TEM grids. 

The llumber·ba,ed cUlllul<ltive dbtributioll of 
area-equivalent discrete particle diameters measured 
from TEM images (pixel-bascd). Fillcd parameters of reference 
distributions (mean si~e and the slmpe of the 
distribution) are reported. 

Ycs. The measurement is performed in ,I vacuum. which 
might possibly affect the particles. For particles that 
arc lIot perfectly spherical. the reported urea-equivalent 
diameter is dependcnt on the orientations of the 
partictes when deposited on the grid. 

Length. Area.equivatent diameter is (lne of several 
options. Other mcasuralld, (Feret diameters, area, 
perimeter. occupied nt-C;l and shape factors) Illay 
provide additional inform,llion aoout particle shape and 
surf,lcc ,truetUfe [20). 
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SHlhccCla/ 

Que,tion 

Has the method already been validated in one or 
more laborntoric,? 

Wlwt are the qU(llity control 1001., av,lilablc to 
enable the de!llonstnltioll of a laboratory's 
prolkkncy with thc te,t Jlwthod'? 

Have re~ults of mcasurements Ilsing the proposed mcthud 
already heen publi,hcd in peer-reviewed journals by 
severallaboratoric~? 

Is thc required inSl1"11ll1Cnl,llion widcly available') 

Doc, thc doellmcnt propose a ml"asurcment 
un<.:ertainty budget? 

Appendix n. Definitions or statistical and 
metrological terms 

Statis/ieal de/initiolls 

Mea/l 

• Stanuard uelinitiun: the mea/l (or ari!lllllclic mean) is the 

sum of al1the values in a group (Xi) divided by the llumher 
or valucs in lhat group (n). 

X= 

\. ,It 
L,-I Xi 

" 
• Filled model: estimates for the litlcd mean begin with 

the ~lalldard defmition and then arc iteratively updatcd 

to minimize the slim of differences between the reference 

model and the data. 
.;':(fit) . 

Standard del'ia/ioll 

• St<lndard ddinitilln: the s/wulnrd deFia/ioll, denoted by s 
or SO, reprcsents the averagc amount ofvariabili!y ill a set 

of sample measurements. That is, it is the average distance 

of each sample measuremcnt (x,) from Ihe mean (xl. 

\. 'I' _ , 
L-,-I (Xi - x)-

,,-
• Fitted model: estimates for the fi\(ed mcan bcgin with 

the standard definition and then are iteratively updated 

10 minirni,.;c the sum of differences between the reference 

model and the datil. 
.I"(llt). 
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Respon,e 

No. While many journal article, report particle ,ize 
di,tributiOlls by TEM, this method ha, not been 
validated and reported in refercedjournnls. ISO 
standards have been developed for the arca-equivalent 
diameler llWahurements of powders 117, 19.20,22] but 
do not specilicnlJy refer to n<lllopanicil's. 

The test mcthod requires that till:: rEM hus been 
calibrated, and Ihut the data arc <lllillysed stati,tiC'llIy. 
TIl(; statislicalwois includc ANOVA to asscss 
frallle"to-frume similarity of nanoparticle mean diameter" 
RSEs fur Jilted parameterh ofrefcrenel' models and 
coefncicnts of variation for comparing parameters from tbc 
interlaboratory test. 

Yes. The pmtocol i.~ ba~ed on ,ever'll methods rep0l1cd 
in the literature: a recent NIOSH interlaboratory 
companson [13]. a NIST protocol f 1·1], and a generi<.: 
protocol from the National Physical Laboratory 115]. 

Yes. TEM is widely a\·ailable, but is co~tly til operate. 
Automated image cilpture and image analysis methods 132] 
arc used to improve uniformity of mC<lsurements. 

TYI1(' A and B Illeasurel1lcn! unecrtaimies of the fitted 
paramclcrs were assessed [30, J I. D]. 

C()(j/iciclIloj"variuliolJ 

• Slllndard definition: thc co(f/icient of I"aria/ioll is also 
knowll us the unitized risk, variatltm eudlicient or relative 

~tandard devinlion. The example is for a sample mean. 

• Fitted model 

Standard error 

, 
c .. =-=-. 

x 

, s (IiI) 
(""(fill = x(fit)' 

• SWndafd definitioll: exwnple-.I"/wulard ('I'mr oj" Ille 
mean. The standard error is the standard deviation of the 

sampling distrihution of a statistic. The example is for a 

sample mean. Standard error of the mean is an estimate 

of how close the sample mean is to the population mean. 

• SE, = fo' This value decreases as the sample size 

incrcases. 

• Filled model: computed using Wald confidence intcrvals 

Re!a/iFe s/a/ldard error 

The RSE is the standard error divided by its statistic and 
expressed as a percentage. 

Standard definition: examplc-RSE of the mean. 

• RSE, = S]" . , 
Tile p-value 

If the nul! hypothesis wcre true and if the experiment 

were repeated many times, a p-value is the probability that 
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a value fltlcast as extreme as the computed test statistic would 
be observed. 

Note: in hypothesis testing, a statemcnt claiming that 
the null parameter is the true parmneter is called the nllff 

hypo/hesi.\". The purpose of a hypOlflesi.l· le.l"l is to determine 
whether the data provide evidence against the null hypothesis. 
When a statistic is obtaincd that is very different from the null 

parameter, the null hypothesis can he rejected. An alternative, 
or research hypO/iresis, is a hypothesis that states that the truc 
parameter is not (or is less than or is greater than) the null 
pflrameter: it is the hypothesis lhat corresponds to the research 
question. The goal of a h.ll!Olhcsis test is 10 reject the null 
hypothesis in favour of the research hypothesis. 

Bias 
Bias is present when a statistic is systemfltically dirferent 

from the population pflr<lJlleter it is estimating. 
L1". = Ie", - cennl·. the absolute difference between 

the mean illeasured v<lluc and the ccrliJied value. Bias of 
the normal mean of this study would be the nverage of the 
individual absolute difrerences between a measured mean and 
the certified refercnce material mean. 

" 
Relative bias 

Quotient of the bias divided by the expected value. 

Varhmce 
The vHl·iance. Var(x). between a modcl <lnt! data can be 

defined as 

" 
Var(x) = L (Xi.model _ .\,.<1,,(,,)". 

Residual deviation 
The residua! del'imirl/! of an observed value is the 

difference between the observed value of the response variable 
and the estimated value or the response variable. 

Qual/li/c plol 
A qlllllllill' plot is a graphical method of comparing two 

distributions. The quantiles or the empirical (data) distribution 
are plolted 011 the y-axis while the quantiles of the theoretical 
(reference) distribution with the same mean and variance as 
the empiricul distribution are plotted on the x-axis. 

M('[(suwnds 

Area-equivalent di(llllelt'f 

Diameter of a eircle that has <.In area equivalent to the area 
reported for the panicle 

Maximum Fl'ret diameter 
Distance between parallel tangents; corresponds to 

'length'; f)l.max. 

Particle .,ize distribllriolls by rn"'~mi~,i,," eleCTron micl"O~COpy 

MinimulII Feret diameter 
Distance between parallel tangents: corresponds to 

'breadth': fJ 1• 1lH". 

Shape/actor 
Ratio of the maximum and minimum Feret diamctcrs for 

a particle (inverse of aspect ratio) 

Metr%gim/ d(finition.l· 

Mcasliremelllllncerfuillty 
For thc area-equivalent diameter, elements uf the 

pooled measurement uncertainty (II, (x» could include the 
interlaboratory reproducibility (1/(ir»), the truencss (11(1) and 
the image resolution error (11(("». The imagc rc!.olution error 
depends on the particle size, ranging from 3.3% to 1.7% to 1% 
for particle siles of 15 nm, 30 nlll and 50 nm. 

E~pallded mcaslIl"(,lIIelllllllccrlaillty 
The Report of Investigation for RM8012 1231 gives 

the expanded measurement unccrtainty for 30 nm gold 
nalloparticles, based on the combined standard uncertainty [34] 
for differcnt ampoules of the reference material (a Type A 
evaluation). The expanded mcasurcmcnt uncertainty, U = 
2.1, was computed using 

~ 

U = k . ,I·,unl'mlk me,,", • / J + ~. 

where k is the coverage factor for 95% expanded uncertainty 

intervals (=2), .\·'''''I'""lc m~"n' is the standard deviation of the 
mcans of the area-equivalent diameter computed ror different 
ampoule.'. (s = 0.94 nm), and the radical tcrm adjusts ror the 
number of ampoules studied (N = 4). 
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