
Results of an interlaboratory study on the working curve in vat 
photopolymerization

Thomas J. Kolibabaa,*, Jason P. Killgorea,*, Benjamin W. Caplinsa, Callie I. Higginsa, Uwe 
Arpb, C. Cameron Millerb, Dianne L. Posterc, Yuqin Zongb, Scott Broced, Tong Wange, 
Vaidas Talačkaf, Jonathan Anderssong, Amelia Davenportg, Matthew A. Panzerh, John R. 
Tumblestonh, Jasmine M. Gonzalezi, Jesse Huffstetleri, Benjamin R. Lundi, Kai Billerbeckj, 
Anthony M. Clayk, Marcus R. Fratarcangelil, H. Jerry Qil, Dominique H. Porcinculam, 
Lindsey B. Bezekn, Kenji Kikutao, Matthew N. Pearlsonp, David A. Walkerp, Corey J. Longq, 
Erion Hasar, Alan Aguirre-Sotos, Angel Celis-Guzmans, Daniel E. Backmant, Raghuveer 
Lalitha Sridhart, Kevin A. Cavicchiu, RJ Vierecklu, Elliott Tongu, Christopher J. Hansenv, 
Darshil M. Shahv, Cecelia Kinanew, Abdon Pena-Franceschw, Carlo Antoninix, Rajat 
Chaudharyx, Gabriele Muracax, Yousra Bensouday, Yue Zhangy, Xiayun Zhaoy

*Corresponding authors: Thomas.Kolibaba@nist.gov (T.J. Kolibaba), Jason.Killgore@nist.gov (J.P. Killgore). 

CRediT authorship contribution statement
Benjamin R. Lund: Writing – review & editing, Formal analysis, Data curation. Jesse Huffstetler: Writing – review & editing, 
Formal analysis, Data curation. Darshil M. Shah: Writing – review & editing, Formal analysis, Data curation. Jasmine M. Gonzalez: 
Writing – review & editing, Formal analysis, Data curation. Christopher J. Hansen: Writing – review & editing, Formal analysis. 
John R. Tumbleston: Writing – review & editing, Formal analysis, Data curation. Elliott Tong: Writing – review & editing, Formal 
analysis, Data curation. Matthew A. Panzer: Writing – review & editing, Formal analysis, Data curation. RJ Viereckl: Writing – 
review & editing, Formal analysis, Data curation. Amelia Davenport: Writing – review & editing, Formal analysis, Data curation. 
Kevin A. Cavicchi: Writing – review & editing, Formal analysis, Data curation. Jonathan Andersson: Writing – review & editing, 
Formal analysis, Data curation. Raghuveer Lalitha Sridhar: Writing – review & editing, Formal analysis, Data curation. Vaidas 
Talačka: Writing – review & editing, Formal analysis, Data curation. Daniel E. Backman: Writing – review & editing, Formal 
analysis, Data curation. Tong Wang: Writing – review & editing, Formal analysis, Data curation. Angel Celis-Guzman: Writing – 
review & editing, Formal analysis, Data curation. Scott Broce: Writing – review & editing, Formal analysis, Data curation. Alan 
Aguirre-Soto: Writing – review & editing, Formal analysis, Data curation. Abdon Pena-Francesch: Writing – review & editing, 
Formal analysis, Data curation. Cecelia Kinane: Writing – review & editing, Formal analysis, Data curation. Yuqin Zong: Writing 
– review & editing, Methodology. Dianne L Poster: Writing – review & editing, Supervision. Corey J. Long: Writing – review & 
editing, Formal analysis, Data curation. C. Cameron Miller: Writing – review & editing, Methodology. David A. Walker: Writing 
– review & editing, Formal analysis, Data curation. Uwe Arp: Writing – review & editing, Methodology. Matthew N. Pearlson: 
Writing – review & editing, Formal analysis, Data curation. Callie I. Higgins: Writing – review & editing, Conceptualization. 
Kenji Kikuta: Writing – review & editing, Formal analysis, Data curation. Benjamin W. Caplins: Writing – review & editing, 
Software, Methodology, Formal analysis, Conceptualization. Xiayun Zhao: Writing – review & editing, Formal analysis, Data 
curation. Lindsey B. Bezek: Writing – review & editing, Formal analysis, Data curation. Jason P. Killgore: Writing – review & 
editing, Project administration, Investigation, Funding acquisition, Formal analysis, Data curation, Conceptualization. Yue Zhang: 
Writing – review & editing, Formal analysis, Data curation. Dominique H. Porcincula: Writing – review & editing, Formal analysis, 
Data curation. Thomas J. Kolibaba: Writing – review & editing, Writing – original draft, Project administration, Methodology, 
Investigation, Formal analysis, Data curation, Conceptualization. Yousra Bensouda: Writing – review & editing, Formal analysis, 
Data curation. H. Jerry Qi: Writing – review & editing, Formal analysis, Data curation. Gabriele Muraca: Writing – review & 
editing, Formal analysis, Data curation. Marcus R. Fratarcangeli: Writing – review & editing, Formal analysis, Data curation. Rajat 
Chaudhary: Writing – review & editing, Formal analysis, Data curation. Anthony M. Clay: Writing – review & editing, Formal 
analysis, Data curation. Carlo Antonini: Writing – review & editing, Formal analysis, Data curation. Kai Billerbeck: Writing – 
review & editing, Formal analysis, Data curation. Erion Hasa: Writing – review & editing, Formal analysis, Data curation.

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Appendix A. Supporting information
Supplementary data associated with this article can be found in the online version at doi:10.1016/j.addma.2024.104082.

Author Manuscript
Accepted for publication in a peer-reviewed journal

National Institute of Standards and Technology • U.S. Department of Commerce

Published in final edited form as:
Addit Manuf. 2024 March ; 84: . doi:10.1016/j.addma.2024.104082.N

IS
T

 A
uthor M

anuscript
N

IS
T

 A
uthor M

anuscript
N

IS
T

 A
uthor M

anuscript



aApplied Chemicals and Materials Division, National Institute of Standards and Technology, 325 
Broadway, Boulder, CO 80305, USA

bSensor Science Division, National Institute of Standards and Technology, 100 Bureau Drive, 
Gaithersburg, MD 20899, USA

cMaterial Measurement Laboratory, National Institute of Standards and Technology, 100 Bureau 
Drive, Gaithersburg, MD 20899, USA

d3D Systems, 26600 SW Parkway Ave #300, Wilsonville, OR 97070, USA

eAllnex USA Inc., 9005 Westside Parkway, Alpharetta, GA 30009, USA

fAmeraLabs, Draugystes g. 14, Kaunas, Lithuania

gArkema, Inc., 1880 S. Flatirons Ct. Suite J, Boulder, CO 80301, USA

hCarbon, Inc., 1089 Mills Way, Redwood City, CA 94063, USA

iDesktop Metal, 1122 Alma Rd. Ste. 100, Richardson, TX 75081, USA

jDMG Digital Enterprises SE, Elbgaustraße 248, Hamburg 22547, Germany

kDEVCOM-Army Research Laboratory, FCDD-RLW-M, Manufacturing Science and Technology 
Branch, 6300 Roadman Road, Aberdeen Proving Ground, MD 21005, USA

lSchool of Mechanical Engineering, Georgia Institute of Technology, 801 Ferst Dr, Atlanta, GA 
30332, USA

mLawrence Livermore National Laboratory, 7000 East Ave, Livermore, CA 94550, USA

nLos Alamos National Laboratory, PO Box 1663, Los Alamos, NM 87545, USA

oOsaka Organic Chemical Industry, Ltd., 1-7-2, Nihonbashi Honcho, Chuo, Tokyo 103-0023, 
Japan

pPrintFoam, 230 James St. Ste C, Wales, WI 53183, USA

qSartomer, 502 Thomas Jones Way, Exton, PA 19341, USA

rStratasys, Inc., 1122 Saint Charles St, Elgin, IL 60120, USA

sSchool of Engineering and Science, Tecnologico de Monterrey, Colonia Tecnológico, Avenida 
Eugenio Garza Sada 2501 Sur, Monterrey, Nuevo León 64849, Mexico

tLung Biotechnology, PBC., 1000 Sprint Street, Silver Spring, MD 20910, USA

uSchool of Polymer Science and Polymer Engineering, University of Akron., 250 S Forge St, 
Akron, OH 44325, USA

vDepartment of Mechanical & Industrial Engineering, University of Massachusetts, Lowell, 1 
University Ave, Lowell, MA 01854, USA

wDepartment of Materials Science and Engineering, University of Michigan, 2800 Plymouth Rd, 
Ann Arbor, MI 48109, USA

xDepartment of Materials Science, University of Milano-Bicocca, Via R. Cozzi 55, Milan 20125, 
Italy

Kolibaba et al. Page 2

Addit Manuf. Author manuscript; available in PMC 2024 April 02.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



yDepartment of Mechanical Engineering & Materials Science, University of Pittsburgh, 
3700O′Hara Street, Pittsburgh, PA 15261, USA

Abstract

The working curve informs resin properties and print parameters for stereolithography, digital 

light processing, and other photopolymer additive manufacturing (PAM) technologies. First 

demonstrated in 1992, the working curve measurement of cure depth vs radiant exposure of 

light is now a foundational measurement in the field of PAM. Despite its widespread use in 

industry and academia, there is no formal method or procedure for performing the working 

curve measurement, raising questions about the utility of reported working curve parameters. 

Here, an interlaboratory study (ILS) is described in which 24 individual laboratories performed 

a working curve measurement on an aliquot from a single batch of PAM resin. The ILS 

reveals that there is enormous scatter in the working curve data and the key fit parameters 

derived from it. The measured depth of light penetration Dp varied by as much as 7x between 

participants, while the critical radiant exposure for gelation Ec varied by as much as 70x. This 

significant scatter is attributed to a lack of common procedure, variation in light engines, epistemic 

uncertainties from the Jacobs equation, and the use of measurement tools with insufficient 

precision. The ILS findings highlight an urgent need for procedural standardization and better 

hardware characterization in this rapidly growing field.

Keywords

Digital light processing; Stereolithography; Vat photopolymerization; Working curve; Jacobs 
equation

1. Introduction

Since the pioneering article by Paul Jacobs over three decades ago, the measurement of 

a resin’s working curve has been seen as a fundamental measurement in the field of 

photopolymer additive manufacturing (PAM) [1]. Ideally a working curve will allow a user 

to determine optimal processing parameters for a particular photopolymer resin. Based on 

Beer-Lambert absorption of light through a resin and assuming some critical exposure of 

light must be absorbed prior to solid forming, the Jacobs equation then follows

Cd = Dpln
E0
Ec

(1)

Where Cd is a measured cure depth and E0 is an incident radiant exposure. A semi-log fit 

of these data yields two parameters. The first is the light penetration depth Dp (the depth 

traveled before the incident light intensity has attenuated by 1/e ≈ 37%) that is related to 

the absorptive/spectral properties of the resin-light source pairing. The second fit parameter 

is the critical exposure Ec, which is the radiant exposure of light required to form a solid 

(i.e., the gel point). Both Dp and Ec are expected to be a function of irradiation wavelength 

due to varying molar absorptivity at different wavelengths. It should be noted that the PAM 
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field historically has referred to E0 as a “dose”. A dose is measured in a mass-normalized 

basis in the Système International unit convention, while an area-normalized parameter like 

E0 is more correctly referred to as a “radiant exposure”. Here the term radiant exposure, 

or sometimes simply exposure, will be used to refer to the area-normalized optical energy 

input into the system, with units of mJ cm−2 [2]. Recently, Dp and Ec values have been 

reported in the specification sheets of some commercially available photopolymer resins. 

Furthermore, these two fit parameters are now ubiquitous in the PAM literature. The topics 

of these literature studies include: sources of uncertainty in cure depth measurements [3], 

development of new methods of measuring the working curve [4–7], or revisiting the 

fundamental assumptions and functional form of the Jacobs equation [8–12]. Even in light of 

this ongoing research and a lack of standards, it is not uncommon for publications to include 

or reference working curve data as part of characterizing a novel photocurable resin [13–19].

Despite the recognized importance and ubiquitous use of this measurement, there remains 

no standardized method to perform a working curve measurement. Compounding this 

issue is the lack of a reference material available to benchmark a given working curve 

protocol. As the field continues to grow, it is imperative that PAM has rigorous standards 

to improve the reproducibility of commercial printed products and published works. Here 

we present an interlaboratory study on the working curve. Volunteer participants were 

given an aliquot from the same production lot of the open-source resin PR48, which has 

a known composition and has been widely studied previously [3,6,20–22]. A total of 35 

datasets were collected from 24 participants. It was found that reported Dp values varied 

by as much as 7x while reported Ec values varied by up to 70x. The results suggest 

that the large variability stems from numerous aspects of the measurement including light 

engine characteristics, exposure range, thickness measurement, and epistemic (i.e., model) 

uncertainty. These differences highlight the need for refinement and standardization in this 

field.

2. Methods and results

All participants were provided an aliquot of the same batch of the open-source resin, 

prototyping resin 48 (PR48), purchased from CPS (Boulder, CO). It is important to note 

that the current formulation of PR48 deviates from the version that has been studied in 

past publications [3,20,22]. The oligomer Ebecryl 8210 (ca. 40% by mass of the original 

PR48 formulation) has now been replaced by a similar oligomer, Sartomer PRO13514, 

in commercially available PR48. Participants were asked to provide a summary of their 

working curve measurement procedure. Key aspects from these reported procedures are 

summarized in Table 1. The instructions for reporting both data and procedural details 

were intentionally open-ended to avoid biasing how participants collected data for the 

interlaboratory study. Very few respondents gave specific details on the instrument used for 

measuring cure depths although thickness measurement method is known to strongly affect 

results [3]. The predominant nominal wavelength used was 405 nm. Despite many attempts 

in the literature to develop separate dedicated light sources for measuring working curves 

[3,6,8,12], the vast majority of respondents used a printer as their light engine. Only a few 

respondents provided a spectrum of their light engine, and only one explicitly noted that 

their peak wavelength, λmax, did not match their light source’s nominal wavelength.
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In general, there was little consistency to the substrate type or the lateral dimensions of 

cured areas that participants used for cure depth measurements. Some participants followed 

protocols resembling online guides for measuring a working curve [23,24], while others 

cured into resin droplets on top of glass slides placed atop the print window. While most 

measurements used a bottom-up configuration (i.e., the light source was below the resin), 

some participants cured a droplet of resin top-down, collecting a floating film of cured 

photopolymer for cure depth measurements. Participants did not typically report the washing 

or postprocessing conditions used. However, washing and postprocessing are known to 

affect part surface finish and properties, which may affect thickness at the scale of working 

curve measurements [25–27]. Additionally, there was little reporting and no attempt by 

participants to exert control over laboratory environmental factors. Parameters such as 

partial pressure of oxygen (which would vary by elevation), relative humidity, and dissolved 

oxygen content (which can vary on the basis of lab temperature or elevation) may have an 

effect on the polymerization kinetics and thus Ec [28]. Consensus on substrate, pattern size, 

and postprocessing is a relatively straightforward means of reducing variability, although 

their specific impact was not explored systematically here.

Anonymized plots of Cd vs E0 for the three predominant nominal wavelengths of interest 

(405 nm, 385 nm, and 365 nm) are shown in Fig. 1 (an additional dataset for a broad-

spectrum mercury light source is shown in the supporting info, Fig. S1). The scatter in 

these data is clear upon visual inspection, highlighting the interlaboratory inconsistency in 

the chosen working curve methods. Several parameters from these plots are summarized in 

Table 1, including the fit parameters Dp and Ec along with the thinnest and thickest cure 

depths measured by each participant. Participant-provided information about instruments 

used for measuring cure depth are also shown in Table 1.

Fit parameters provided in Table 1 for every dataset were extracted from the LINEST 

function in Excel using the raw Cd vs ln(E0) data provided by participants [29]. The 

associated error in Ec was obtained from propagating the LINEST uncertainty in the 

x-intercept through the Jacobs equation. The Jacobs equation fits are shown in the righthand 

panels of Fig. 1 to highlight the origin of the scatter in Dp and Ec. A consistent linear 

regression methodology was used across all individual participant datasets to ensure that 

extracted fit parameters and uncertainties were consistently calculated. Table 1 also shows 

participant-reported Dp and Ec, which were generally consistent with fit parameters obtained 

with the uniform methodology.

For the 405 nm datasets, the extracted Dp values (mean = 120 μm, σ = 40 μm) vary from 

as low as 60 μm to as high as 190 μm, which is a >3-fold difference. Showing even larger 

variation, the Ec values (mean = 60 mJ cm−2, σ = 160 mJ cm−2) span nearly 2 orders of 

magnitude from 10 mJ cm−2 to as much as 700 mJ cm−2. One dataset reported an extreme 

outlier (Grubbs test p< 0.01)[30] in both Ec (700 mJ cm−2) and in irradiance (between 

402 mW cm−2 and 1660 mW cm −2). Neither value was excluded from arithmetic mean 

calculation in Table 1. It is unclear if this very large Ec value is related to inaccurate 

optical power measurement or if this is an anomalous chemical phenomenon caused by 

extreme irradiances [31]. Within single participant datasets, data exist wherein more than 

10% cure depth variation is observed at the same nominal radiant exposure (denoted by 
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arrows in the zoomed in graph shown in Fig. S2) indicating either poor print reproducibility 

or insufficient precision of the cure depth measurement. Print irreproducibility may originate 

from inhomogeneity of intensity and/or wavelength across the print window [21].

For the nominally 385 nm datasets, most of the data are clustered with similar slope (and 

thus Dp). Dp values (mean = 80 μm, σ = 80 μm) range from 37 μm to 310 μm. The Ec 

values (mean = 13 mJ cm−2, σ = 6 mJ cm−2) varied between 4.6 mJ cm−2 and 22 mJ cm−2 

(roughly a 5-fold difference). Rejecting the two largest Dp data sets, the remainder have a 

mean of 49 μm and a standard deviation of 8 μm. For this reduced data set, Ec has a mean 

of 13 mJ cm−2 and a standard deviation of 6 mJ cm −2, nearly identical to the full 385 

nm data set. The relatively more consistent Dp values with a wider variance in Ec values 

for the reduced data set suggests that inaccurate radiometry may have contributed to these 

differences. Visually, inspection of Fig. 1c gives the appearance of several nearly parallel 

lines with varying x-intercepts. Four of the six collected datasets at 365 nm (Fig. 1e,f) also 

exhibit nearly-parallel line behavior. So long as precise (i.e., consistent) relative irradiance 

values are obtained, inaccuracy in absolute irradiance measurement will reflect only in Ec 

and not in Dp (which is most strongly dependent on accurate measurement of thickness), 

which would explain the variance obtained in many of the 385 nm datasets.

The spread in the reported Dp and Ec values are shown in Fig. 2a and Fig. 2b, respectively. 

The tighter cluster of Dp values for the 385 nm datasets are apparent in this plot, as are 

the relatively larger variation in the 405 nm and 365 nm datasets. Ec values are reported 

on a logarithmic scale to capture the extreme outlying irradiance of Dataset 14 in the 405 

nm dataset. The relatively smaller number of 365 nm datasets is responsible for the larger 

apparent variation in those data.

A naive data reduction was performed to investigate any potential irradiance effects on 

the reported Dp and Ec values. These reductions are shown in Fig. 2c,d. To evaluate the 

presence of a correlation between Dp or Ec and irradiance, t-tests of linear fits of Dp or 

Ec vs irradiance were performed for each wavelength considered in this interlaboratory 

study. The outputs of the t-test analysis can be found in Table S1. The 405 nm data were 

evaluated either including or excluding Dataset 14. The values from Dataset 14 are of 

significantly higher leverage on fit coefficients because of their order-of-magnitude higher 

irradiance value than the other submitted 405 nm datasets [32]. This influence can be seen 

from the extremely high Cook’s Distance value of Dataset 14 (Figure S3), which suggest 

inadequate data in the vicinity of those points to draw conclusions about correlations [33]. 

The lack, generally, of a strong correlation between Dp or Ec and irradiance suggests that 

the differences among participant-supplied data is a result of systematic differences in how 

data are collected (printing, post-processing, and characterization) from one participant to 

another. The data shown in Fig. 2 also highlight the scatter in fit parameters, even at 

nominally identical wavelengths. The data also show that irradiances used span several 

orders of magnitude. Considering the non-reciprocal nature of photopolymerizations to 

intensity and radiant exposure [31,34], a standardized irradiance would be of interest to the 

field, in addition to further studies to understand the interplay between exposure, intensity, 

and cure depth.
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3. Discussion

The variation in working curve results was generally larger than participants would like 

to tolerate, although not out of line with expectations given the lack of standardization. 

To improve reproducibility, numerous parts of the measurement should be considered and 

refined.

Some participants (particularly those who used a nominally 405 nm light source) 

commented on the tendency of the working curve to “bend” upwards (i.e., exhibit nonlinear 

behavior on the semilog plot towards higher cure depths) as radiant exposure increased. 

Indeed this has been noted many times in the literature and is a well-known phenomenon 

[3, 6,12]. Despite this curvature, it is common in the literature to see a linear Jacobs 

equation fit applied to these nonlinear measured working curves. In Fig. 3 we demonstrate 

the inaccuracy of using this approach. An arbitrarily chosen subset of participant data at 

405 nm were pooled and fit according to Jacobs equation. The subset was generally selected 

from the participants who used cure depth measurement techniques with 1 μm precision 

or better, and whose working curves were all polymerized bottom-up onto a substrate. 

The curvature to this collection of data is readily apparent on the semilog axes. Three 

different fits to the Jacobs equation are shown: One is fit on the lower quartile of measured 

cure depths, and another on the upper quartile. Finally, an “aggregate” fit for all data is 

included as well. The extracted Jacobs model fit parameters are displayed in Fig. 3a. From 

a single data set, the cure depth range used for fitting can alter Dp and Ec by a factor 

of ≈3 fold between the upper and lower quartile fits. It is apparent from the fit lines that 

the aggregate and upper-quartile fit lines intersect the x-axis above the range indicated 

by the experimental data. In contrast, the lower quartile fit intercepts the x-axis in the 

vicinity of the lowest cured depth experimental data. The sensitivity of Dp and Ec to the 

fitted cure depth highlights epistemic uncertainty with the current state of working curve 

methodologies. The Jacobs model was derived implying a number of assumptions including: 

(1) a nominally monochromatic, gaussian light source such as a laser (2) reciprocity such 

that the working curve is independent of irradiance (3) the system does not photobleach [1]. 

These assumptions are violated in many current printers and resins; thus, caution must be 

exercised when applying the Jacobs model to data where semi-log linearity is clearly not 

obeyed.

Additional possible sources of working curve variation were investigated by considering 

representative spectral variation observed in DLP printers and LED light engines. LED-

driven DLP printers were the most common class of light engine amongst ILS participants. 

As discussed earlier, few participants reported spectral details of their printer. The spectra 

measured by NIST from five different, nominally 405 nm DLP printers are shown in Fig. 

3b and show a range of λmax values from 402 nm to 411 nm. This range overlaps with a 

significant shoulder in the absorption spectrum of common photoinitiators. We have reported 

previously on the significant change in initiation efficiency that would be expected from 

seemingly-small spectral shifts in the light engine [21]. An optical Dp can be extracted 

from the UV/Visible absorption spectrum of the resin at a particular wavelength (a sample 

calculation for this is shown in the supporting information). Fig. 3c shows optical Dp values 

for the five reported printer λmax values, based on UV/Visible spectra from two different 
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spectrometers. In the range of 402 nm to 411 nm the optical Dp exhibits a nearly 4-fold 

increase. Working curve Dp values track optical Dp values in well-behaved systems, thus the 

inherent variability of the emission from different participant’s printers could have strongly 

affected their working curve results [9]. While this possible difference is significant, it is 

much smaller than the range of Dp values reported by participants, suggesting that multiple 

sources of error are contributing to the reported variations.

Overall, these insights suggest that the Jacobs model could be refined or extended to fit a 

broader range of resin and light source characteristics, while working curve methodologies 

must strive for the utmost consistency between practitioners. Light engines must be carefully 

controlled to have nearly identical spectral emission and well-calibrated power output. 

Finally, accurate and precise thickness measurements are essential to accurate, reproducible 

working curves. Contact based measurements may prove adequate for measurements on 

stiff (giga-pascal modulus) plastics, but working curve methods for elastomers and gels 

likely require further consideration. The PAM field should strive for development of 

a standard practice for working curve measurements as soon as possible to facilitate 

continued growth and interoperability of data. Adoption of a standardized protocol for 

measuring working curves will also allow for quantitative understanding of the influence of 

environmental factors on the working curve measurement and facilitate standardization of 

those environmental factors if necessary.

4. Conclusion

An interlaboratory study on the working curve measurement was performed where 

participants all measured a working curve on aliquots of the same production lot of a 

resin. The fit parameters extracted from the 35 provided datasets indicates a scatter (notably, 

up to a 7-fold difference in Dp values and up to a 70-fold difference in Ec values) that 

prohibits the measurement in its current form from being useful across different laboratories 

or for technical data sheets. These differences are explained in part by a demonstrated 

sensitivity of Dp and Ec to the cure depth range studied, indicating epistemic uncertainty 

in the working curve measurement. An additional source of error is significant spectral 

variability among nominally similar commercial printers that can lead to a 4-fold change 

in Dp even in the absence of other uncertainties. Community consensus on a standardized 

working curve method with precise light engine and thickness measurement specification, 

along with consistency on other aspects of the protocol are expected to dramatically reduce 

variation. It is imperative that a standardized method be developed and adopted in short 

order for continued growth of the photopolymer AM field.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Cure depth Cd vs exposure E0 data reported by study participants at nominal wavelengths (a) 

405 nm, (c) 385 nm, and (e) 365 nm. Fits to the Jacobs equation are shown in panels (b), (d), 

and (f) to highlight the origin of the scatter in Dp and Ec.
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Fig. 2. 
Box plots of (a) Dp and (b) Ec displaying the spread in the fit parameters at the three 

wavelengths of note for this study. Data reductions are shown displaying (c) Dp vs irradiance 

and (d) Ec vs irradiance.
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Fig. 3. 
(a) Down-selected 405 nm dataset collected from ILS participants. The separate fits to the 

Jacobs model are shown for the lower quartile, upper quartile, and entire range (aggregate) 

of the data. The fit parameters and uncertainties are displayed in the plot area. The Dp 

values span a range of 52 μm to 140 μm, while the Ec values span a range of 15 mJ 

cm−2 to 40 mJ cm−2 for the different ranges of the same data. This variation in fit values 

highlights epistemic uncertainty in the working curve measurement. (b) Spectra from five 

nominally 405 nm printers showing nearly 10 nm variation in peak wavelength λmax. (c) 

Green traces are UV/Visible spectra of the studied resin collected on a variable pathlength 

spectrometer (circles) and in a conventional spectrometer with a 100 μm cuvette (diamonds). 

The “optical” Dp that is extracted from the absorbance data are shown for each of the peak 

wavelengths in the LEDs shown in (b).
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