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A B S T R A C T

The working curve is a widely implemented, but presently not standardized, method of assessing resin print
ability for photopolymer additive manufacturing technologies. While the working curve has been studied and 
refined for plastic resins, application to hydrogel materials used in bioprinting has been limited. Hydrogels 
present measurement challenges due to their decreased solids content, compliant nature, and significant 
swelling. Here, adapting lessons learned from interlaboratory studies on plastic working curves, we assess 
various techniques for hydrogel working curve measurements. Notably, across several formulations with various 
molecular weights and solids content, hydrogels exhibit near ideal log-linear behavior consistent with the Jacobs 
model when measured appropriately. However, certain measurement modalities (such as contact-based and 
rheological) can indicate Jacobs-like behavior, but with systematic errors in the cure depth compared to non- 
contact optical methods. Overall, this work highlights the challenges when conducting hydrogel working 
curve measurements and provides several considerations to help further develop and standardize measurements 
across 3D bioprinting applications.

1. Introduction

The use of photopolymer additive manufacturing (PAM) is widely 
established in the biomedical field, with applications including tissue 
engineered cell scaffolds, pharmaceutical delivery platforms, and 
microfluidic organ-on-a-chip devices [1–5]. Specifically, vat photo
polymerization, which includes stereolithography and digital light 
processing systems, enables the creation of complex parts and structures 
in a fast and reproducible manner. Given the growth and impact of 
bioprinting on the healthcare system, it is imperative to develop mea
surement techniques to compare bioprinting materials accurately and 
reproducibly across laboratories and research groups.

In vat photopolymerization, an established measurement of photo
polymer resin printability is the working curve. A common model used 
to understand the working curve is the Jacobs model. This model defines 
a relationship between Beer-Lambert light absorption and the critical 
exposure of light Ec necessary for liquid-to-solid polymerization [6]: 

Cd = Dpln
(

E0

Ec

)

Here, Cd is the cure depth or thickness of a sample and E0 is the 
incident radiant light exposure. When cure depth as a function of 

incident radiant exposure is determined experimentally, a log-linear plot 
produces slope Dp (light penetration depth: where light intensity at
tenuates to 1/e ≈ 37 %) and x-intercept Ec (Fig. 1). While historically E0 
is referred to as a “dose” rather than “radiant exposure”, a “dose” is not 
consistent with the SI unit system. Here, we use “radiant exposure” or 
“exposure” to refer to the area-normalized optical energy input into the 
system [7]. Ideally, measuring a resin’s working curve can enable users 
to determine suitable printing parameters (e.g., light intensity, cure 
time, layer thickness) for specific resins. Practically, these values can 
also be used as a quality control metric across resin batches, as well as an 
estimation of a resin’s z-resolution and throughput capabilities.

In the field of plastic PAM (i.e. PAM wherein plastic or elastomeric 
materials are printed), the working curve has been the focus of many 
studies related to new measurement techniques [8–10], assumptions of 
the Jacobs equation [11–14], or characterizations of new photopolymer 
resins [15–18]. Despite the importance of the working curve, this 
measurement has yet to be standardized. For example, a recent inter
laboratory study highlighted the variation of working curve measure
ments across laboratories, with up to a 7-fold and 70-fold difference in 
reported Dp and Ec values, respectively [19]. Importantly, some of this 
variation can be attributed to spectral variability of commercial printers, 
most notably broadband light sources and variable exposure across the 
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resin vat [20]. As such, the use of a well characterized and reproducible 
light source is vital for standardized working curve measurements. This 
is clearly demonstrated in the most recent interlaboratory study on 
plastic working curves, which made use of a standardized and well 
characterized LED light engine. This protocol resulted in significant 
improvements to the variations in Dp from 7-fold down to 1.6-fold and Ec 
from 70-fold down to 2.1-fold [21].

The rapid adoption of vat photopolymerization for bioprinting has 
accelerated the need for robust hydrogel characterization methods. 
Bioprinting typically uses hydrogel resins for their advantageous prop
erties such as biodegradability, biocompatibility, and close approxima
tion of natural tissue mechanics [22–24]. These hydrogel precursor 
materials can be synthetic (e.g., polyethylene glycol, polyacrylamide, 
polycaprolactone) or natural (e.g., gelatin, silk, hyaluronic acid) which 
each come with corresponding advantages and disadvantages [25,26]. 
The working curve measurement could provide a means of comparing 
resins properties and print-relevant parameters between different ma
terials, batches, or laboratories. Additionally, the magnitude of Dp and 
Ec can provide important insights to bioprinting with live cells. For 
example, many live cell printing applications look to minimize the total 
energy exposure per layer to mitigate potentially harmful effects to the 
cells. Resins with low Ec would be prime candidates for live cell printing, 
as less energy exposure is needed to polymerize the layer. Likewise, high 
Dp resins would potentially minimize the overall radiant exposure to the 
cells but may negatively impact the achievable resolution of the printed 
structure. Regardless of material, implementing working curves on 
hydrogels requires rethinking of the cure depth (thickness) measure
ment due the low stiffness samples (kPa to MPa) that could be easily 
deformed or damaged by typical contact-based thickness measurement 
tools like handheld micrometers [27–29]. As an alternative, some 
groups have used non-contact methods such as microscopy or photo
rheology to measure working curve behavior on a variety of photo
polymer materials [10,19,30,31]. However, there remains a gap in 
understanding and quantifying how different measurement methods 
influence hydrogel working curves and Jacobs parameters.

Here, we present a guide to practical considerations for measuring 
working curves on hydrogel systems. We use a model acrylate polymer, 
polyethylene glycol diacrylate (PEGDA), at various molecular weights 
and concentrations to compare how different cure depth measurement 
techniques influence hydrogel working curve fit parameters. For all 
measurement techniques, we use an identical light source to ensure that 
true comparisons can be made between methods. Importantly, we show 
that working curve measurements of photopolymer hydrogels cured 
with a well-calibrated, narrowband LED light source produce the log- 
linear working curve relationship predicted from the Jacobs model. 
However, working curves and the extracted Ec and Dp parameters are 
strongly dependent on the measurement method. Contact methods 

substantially compress soft samples, resulting in an underestimation of 
cure depth which effects the Dp and Ec values extracted from the Jacobs 
model fits. On the other hand, optical methods do not substantially 
deform samples but require appropriate contrast and analysis tech
niques to accurately determine cure depth. Gap-dependent photo
rheology is also investigated as a candidate measurement technique, but 
the resultant cure profiles do not predictably correlate to either the 
contact or optical methods. Overall, the results presented here can be 
applied to all hydrogel photopolymer 3D printing applications, helping 
to further develop and standardize working curve measurements across 
the field.

2. Materials and methods

Certain commercial equipment, instruments, or materials are iden
tified in this paper to specify the experimental procedure adequately. 
Such identification is not intended to imply recommendation or 
endorsement by NIST.

2.1. Materials

Polyethylene glycol diacrylate (PEGDA, Mw = 700 Da and Mw = 575 
Da) and tartrazine were purchased from Sigma Aldrich (St. Louis, MO, 
USA). PEGDA (Mw = 3400 Da) was purchased from Thermofisher Sci
entific (Waltham, MA, USA). The photoinitiator lithium phenyl-2,4,6- 
trimethylbenzoylphosphinate (LAP) was purchased from Colorado 
Photopolymer Solutions a subsidiary of Arkema (King of Prussia, PA, 
USA). All chemicals were used as received.

2.2. Hydrogel formulations

Three water-based hydrogel formulations were used for experimen
tation. A “stiff” hydrogel consisted of 40 % by mass PEGDA 700 in 
deionized water, while two “soft” hydrogels consisted of 10 % by mass 
PEGDA 700 or 20 % by mass PEGDA 3400 in deionized water. These 
formulations were chosen as a generalized subset of hydrogels, 
including differences in both molecular weight and PEGDA concentra
tions. For comparing working curve parameters, three additional 
hydrogel formulations were used: 20 % by mass PEGDA 700, 10 % by 
mass PEGDA 575, and 25 % by mass PEGDA 575, all in deionized water. 
All formulations contained photoinitiator LAP at 1 % by mass and 
photoabsorber tartrazine at 0.1 % by mass. Formulations were stored 
protected from light prior to use. All measurements were performed 
with samples polymerized from the same batch of a given resin, and 
resins were refrigerated (4 ◦C) and kept in the dark when not in use.

Fig. 1. Example schematic of a working curve experiment. A) Photopolymer formulations are irradiated for discrete exposure durations in isolated areas of a 
methacrylate-functionalized glass slide and the resulting cure depths are measured. B) Cure depths are plotted against radiant exposure on a log-linear plot: Dp is the 
slope of the regression while Ec is the x-intercept.
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2.3. Light source

To photopolymerize the hydrogel samples for working curve mea
surements, a collimated LED (Solis-405C LED, Thorlabs; Newton, NJ) 
light source with a 2.5 mm aperture was used. Light was filtered using a 
1.9 nm bandpass filter centered at 405 nm (Figure S1). The LED drive 
current was 370 mA, which resulted in an irradiance of 8.0 mW cm− 2, as 
measured using an integrating sphere photodiode power meter (S142C, 
Thorlabs).

2.4. Hydrogel fabrication

For working curve generation (except photorheology), hydrogel 
resins were polymerized onto glass slides functionalized with 3-(trime
thoxysilyl) propyl methacrylate (Automate Scientific; Berkeley, CA, 
USA), using 1.6 mm thick silicone isolators (Grace Biolabs; Bend, OR) to 
ensure sufficient resin volume greater than any achieved cure depth 
(max cure depth was <400 µm in this study). After curing, samples were 
measured for cure depth within one hour using a variety of techniques.

2.5. Cure depth measurements

To measure the cure depth of hydrogel samples and generate a 
working curve, six different analytical techniques were used:

2.5.1. Handheld micrometer (HHM)
A flat anvil thickness gauge (Mitutoyo 547-500S; Aurora, IL) is a 

commonly used device in plastic working curve measurements. Here, 
the micrometer was used to measure sample thickness immediately after 
polymerization. Due to the design of the micrometer head, the silicone 
isolator was removed from the glass slide, and samples briefly rinsed 
with water prior to measuring. It should be noted that this is the only 
technique that did not measure hydrogel cure depth while immersed in 
resin.

2.5.2. Low force micrometer (LFM)
A low force micrometer (Mitutoyo Litematic VL-50A) with a 3 mm 

diameter sphere head and contact force of 0.01 N was used to measure 
cure depths immediately following polymerization while samples were 
still immersed in the hydrogel resin.

2.5.3. Nanoindenter (NI)
A nanoindentor (Bruker, Hysitron TI 950 TriboIndenter; Billerica, 

MA) equipped with a 100 µm radius conospherical probe and contact 
force of 20 µN was used to measure cure depths while samples were still 
immersed in the hydrogel resin. As the probe approached each hydrogel 
sample, the X, Y, and Z coordinate positioning of the contact were 
recorded. To ensure accurate measurements of sample heights, the 
probe was also lowered onto three corners of the glass slide. These co
ordinates were recorded and fit to an equation describing the reference 
plane. Sample heights were then calculated using their recorded co
ordinates and positioning relative to the reference plane.

2.5.4. Photorheometer (PR)
A rheometer (Netzsch, Kinexus Ultra+; Selb, Germany) equipped 

with a glass bottom plate and an 8 mm parallel plate upper geometry 
was used to assess the suitability of using photorheology to generate a 
working curve. The Solis 405 filtered light source was placed under
neath the rheometer and calibrated using the power meter to an irra
diance of 8.0 mW cm− 2. For all samples, a single-frequency strain 
controlled oscillatory sequence at a frequency of 1 Hz and strain 
amplitude of 0.1 % was executed at increasing gap heights from 50 µm to 
350 µm. Here, contrary to traditional working curve measurements, 
samples are continuously irradiated while measuring a rheological time- 
domain signal under a fixed gap height. From the rheological data, the 
time at which the polymerized gel spanned the gap is determined and 

used to calculate a radiant exposure [30,31]. By measuring samples 
across several gap heights, a working curve-like relationship can be 
plotted. We tried several methods for determining exposure time to 
reach full gap height, yet none provided unambiguous agreement with 
other working curve measurement methods (Figure S2). Herein, we 
show the method of using the time after irradiation elapsed before the 
shear storage modulus significantly increased above the baseline (G’ 
Delay, time at which slope of shear modulus data greater than 2 Pa/s) 
[30,31].

2.5.5. Optical coherence tomography (OCT) apparatus
OCT is a non-invasive imaging technique which uses near-infrared 

light to detect contrast from differences in light scattering throughout 
a sample. Here, an OCT (Thorlabs Ganymede, 880 nm, GAN632C1) 
system was used to obtain images of hydrogel samples and extract cure 
depths while samples were still immersed in the hydrogel resin. OCT 
images were collected at 10 kHz with 5 A-scan averages and 4 B-scans 
per slice.

To measure sample cure depth, the average height across the center 
of the sample was calculated based on number of pixels from glass slide 
to the top of the sample and the refractive index of each resin 
(Figure S3C). As the z-scale of OCT images is dependent of the refractive 
index of the sample, the refractive index of each hydrogel resin and 
polymerized sample was calculated using a reference height imaged 
through air (refractive index of 1.00). To verify calculations, the refer
ence height was also recorded as imaged in water, which confirmed a 
refractive index of 1.33 (Figure S3A).

PEGDA 3400 samples had increased water content compared to 
PEGDA 700 samples and were not able to be resolved from the sur
rounding ink. To identify the sample boundary, tungsten beads (nominal 
diameter of 12 µm, Sigma Aldrich) were used. The tungsten beads were 
first added at 50 mg mL− 1 in water, mixed vigorously, and one drop was 
added to each sample well after polymerization. To confirm addition of 
the beads did not influence the measured cure depth, a working curve of 
10 % PEGDA 700 was constructed with and without beads, which 
resulted in no significant differences between techniques (Figure S3B, 
D).

2.5.6. Laser scanning confocal microscopy (LSCM)
A laser scanning confocal microscope (Nikon AXR) was used to 

measure cure depth of hydrogel samples. Following polymerization, 
resin was removed from the isolator wells and fresh resin containing 0.2 
% by mass red fluorescent labeled polystyrene microbeads of 1 µm 
diameter (580/605 FluoSpheres, ThermoFisher Scientific) added to the 
wells. Z-stack images with 2 µm pitch were obtained (561 nm excitation 
laser and 575 nm – 625 nm emission filter) for each sample and analyzed 
using ImageJ to find the glass slide interface and heights of the samples 
using the signal from the fluorescent beads (Figure S4).

Additionally, the ability of confocal microscopy to directly measure 
cure depth was tested. To obtain fluorescently labeled samples, 0.1 % by 
mass of fluorescein isothiocyanate (FITC)-conjugated PEG acrylate (MW 
2000, PEGWorks, Chapel Hill, NC) was included in the resin formula
tions. FITC-PEG was dissolved at 100 mg mL− 1 and added to the 10 % 
PEGDA 700 formulation at a final concentration of 0.1 % by mass. This 
low concentration of a non-crosslinking species is not expected to 
significantly impact the curing kinetics nor working curve calculations. 
FITC-PEG samples were imaged using 488 nm excitation laser and 500 
nm – 550 nm emission filter.

Specific metrics of each measurement technique can be found below 
(Table 1).

2.6. Hydrogel modulus measurements

To determine hydrogel modulus for each formulation, samples were 
fabricated with the same light source described above, using a mold 
consisting of a functionalized glass slide, 50 µm PTFE shim stock spacers 
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(McMaster-Carr), and a non-functionalized glass slide, held together 
using binder clips. For each formulation, “overcured” samples were 
irradiated for an exposure that would create a 300 µm sample in an 
unconstrained environment, as determined by the optical working curve 
measurements (40 % PEGDA 700: 14 s, 10 % PEGDA 700: 35 s, 20 % 
PEGDA 3400: 60 s). These exposures were chosen to minimize the 
gradient of crosslinking density through the sample thickness. Nano
indentation (Bruker, Hysitron TI 950 TriboIndenter) was performed 
using a 20 µm radius conospherical probe, while samples were immersed 
in water. Notably, the automated surface detection method on the 
nanoindentor has a minimum detection force of approximately 2 µN. At 
this force, there is insufficient displacement range to fully withdraw 
from all the samples. As a workaround, after using the built-in sequence 
to find the sample surface, a displacement control method was per
formed where the probe would retract 2 µm before traveling a total of 4 
µm in the direction of the sample. This approach ensured that a zero- 
force baseline was observed prior to engaging with the sample. Four 

load-displacement curves for each formulation were collected and fit to 
the Hertz contact model to calculate reduced modulus values.

2.7. Statistical analysis

For each hydrogel formulation, a one-way ANOVA with Tukey’s 
post-hoc test was conducted (95 % confidence interval) to compare the 
calculated Dp and Ec values from each measurement technique. Working 
curve samples were fabricated and measured in triplicate from a single 
batch of hydrogel resin to better understand the variability of the 
measurement techniques. Origin Pro, Version 2024 was used for all 
statistical analyses and generating plots.

3. Results and discussion

To provide a practical guide to hydrogel working curves, we used 
several techniques to measure the cure depth versus radiant exposure of 
various hydrogel formulations. Regardless of measurement method or 
hydrogel formulation, near-ideal log-linear, Jacobs-like behavior was 
observed (Fig. 2). In plastic working curves, improved log-linear 
behavior can be obtained using a 2 nm bandpass-filtered LED light 
source compared to unfiltered LED light which is directly correlated to 
reducing the inner-filter effect in the resin [12]. Here, the filtered light 
source appeared to be similarly effective at achieving log-linear 
behavior despite additional complications from swelling and chemical 
mobility in hydrogels. However, despite the general log-linear behavior, 
the actual working curves varied considerably depending on measure
ment method. The 40 % PEGDA 700 resin served as a stiff control sample 
(reduced modulus: 8500 kPa) and demonstrated consistent curves for all 
techniques except photorheology (Fig. 2A). On the other hand, for low 
stiffness resins (10 % PEGDA 700, reduced modulus: 31 kPa and 20 % 
PEGDA 3400, reduced modulus: 160 kPa) contact methods (HHM, LFM, 
and NI) caused deformation of the hydrogel samples which resulted in 
lower cure depth measurements when compared to optical techniques 

Table 1 
General properties of analytical techniques used to measure cure depth of 
hydrogels. Uncertainty of OCT height resolution is a result of differences in the 
refractive index of hydrogel resins.

Method Measuring force/ 
mechanism

Height 
resolution

Contact point

HHM Contact ≤ 1.5 N 10 µm Ø 10 mm 
anvil

LFM Contact 0.01 N 1 µm Ø 3 mm 
sphere

NI Contact 20 µN 0.1 µm Ø 0.2 mm 
sphere

PR Real time 0.1 % Shear Strain 0.1 µm Ø 8 mm plate
OCT Non- 

contact
Refractive Index ~1.2 µm -

LSCM Non- 
contact

Fluorescence 1 µm -

Fig. 2. Cure depth vs exposure data using each measurement technique for A) 40 % PEGDA 700, B) 10 % PEGDA 700, and C) 20 % PEGDA 3400 hydrogels. n = 3; 
data represent mean ± standard deviation. D) Estimated deformation of a sample with a given modulus using contact methods of measuring cure depth. Deformation 
is calculated using Hertz (NI, LFM) and cylindrical (HHM) contact mechanics and the associated parameters of the measurement systems. Dotted lines indicate 
magnitude of hydrogel reduced modulus as measured using nanoindentation.
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(OCT and LSCM) (Fig. 2B-C). These observations can be explained from 
elastic compression for HHM or Hertzian contact mechanics for LFM and 
NI. In each case, measured hydrogel modulus values and instrument 
parameters can begin to account for discrepancies between techniques 
(Fig. 2D, Table 1). These relationships clearly demonstrate how contact 
methods can result in inaccuracies when measuring cure depths, espe
cially for hydrogel samples. The estimated deformations become sig
nificant (i.e., of similar order to cure depth or layer thickness) in the 
reported range of hydrogel moduli (10 s to 100 s of kPa). Importantly, 
the contact-based methods will minimize deformation when force is 
reduced, and indenter or platen size is increased. For example, using 
atomic force microscopy protocols [32], deformations <1 µm could be 
achieved on hydrogels with 1 kPa modulus when measured at 3 nN force 
with a 10 µm radius indenter. However, most atomic force microscopes 
lack sufficient travel distance in the Z-direction piezo to probe 
print-relevant cure depths (tens to hundreds of micrometers), requiring 
customization or a workaround utilizing coarse positioning motors. 
While these models provide a framework for estimating sample defor
mation, it is important to note the underlying assumption that the 
modulus is constant throughout the sample. Numerous studies have 
demonstrated a conversion and modulus gradient in the z-direction of 
photopolymerized samples (e.g. 10-fold modulus gradient through a 
typical layer) [33], particularly in 3D printed parts [34–37]. These 
gradients and other physical phenomena such as sample dimensional 
changes under load likely account for the differences between the pre
dicted and observed (treating OCT as ground truth) deformations 
(Table S1). Though there are no simple analytical solutions to modulus 
gradients in the context of contact mechanics, developing models of how 
mechanical property gradients are imparted on hydrogel structures 
would be impactful, given the sensitivity of cell behavior to the sur
rounding environment [38–40].

As noted above, the photorheology data departed from the optical 
and mechanical measured data. From the photorheology data, a clear 
trend was observed that increasing the gap height results in a longer 
delay time to increase the shear modulus of the sample above baseline 
(Figure S2). However, none of the methods for determining the time at 
which a sample reached the constant gap heights resulted in working 
curves that were closely matched across all gap heights to the other cure 
depth measurements (Fig. 2A-C). Interestingly, for 20 % PEGDA 3400 
samples, photorheology data at small gap heights (< 250 µm) were more 
closely matched to optical techniques before deviating at large gap 
heights (Fig. 2C). Here, it is important to note the differences between 
photorheology and other techniques. Though aperture size between the 
traditional working curve measurements and photorheology were 
different, working curve measurements are relatively insensitive to 
aperture size at these length scales (Figure S5). Additionally, the 
rheometer setup results in a fixed boundary condition between the 
parallel plates which may impact reaction kinetics, and there is potential 
for back-reflection off the top plate, increasing the effective irradiance. 
However, a more significant consideration is how real time rheology 
measurements are influenced by large, dynamic mechanical property 
gradients in the sample. For example, with larger gap heights, the 
rheometer may be sensitive to changes throughout the thickness of the 
sample and register an increase in mechanical properties before the cure 
front truly reaches the full gap. This would lead to underestimations of 
the required radiant exposure for each gap height, which is observed in 
these experiments. For the 20 % PEGDA 3400 samples, the high Ec and 
low stiffness of this formulation could act in combination to counteract 
the ‘underestimations’ at small gap heights, while large gap heights are 
still subject to the signal issue of evolving mechanical property gradi
ents. Given the large differences in apparent Cd between photorheology 
and direct cure depth methods, understanding the evolving mechanical 
property gradients across the gap height is central to properly inter
preting these measurements. Though many studies have related photo
polymer modulus evolution with spectroscopically measured conversion 
[41–43], spatially resolved comparisons of modulus gradients and cure 

depth would likely be needed to validate future relationships and 
models.

While optical (OCT, LSCM) methods do not result in sample de
formations, they do present separate challenges for hydrogel samples. 
Namely, these measurement techniques require significant optical 
contrast between the sample and background, which can be difficult to 
achieve for hydrogel samples primarily composed of water. For OCT 
imaging, the two resins consisting of PEGDA 700 were able to be directly 
measured. However, for the 20 % PEGDA 3400 hydrogels, samples were 
unable to be resolved from the surrounding resin and the addition of 
tungsten beads was required to outline the sample (Figure S3). This is 
likely due to the increase of water content per crosslinked chain, which 
is related to the swelling ratio of the hydrogel, shown to increase with 
increasing molecular weight of PEGDA [44,45]. For LSCM, fluorescent 
beads were added to the sample wells after polymerization to obtain 
sample outlines and measure cure depth. However, this bottom-up im
aging approach fails if fluorescent signals are unable to be detected 
through a sample, either from light scattering or absorption (e.g., 40 % 
PEGDA 700 samples at longer exposures). If a sample were naturally 
fluorescent, the addition of particles or dyes would not be required, as 
demonstrated by the addition of a FITC-labeled PEG monomer to the 
hydrogel resin (Figure S4). However, there may remain uncertainties to 
where the edge of the cure front is located when imaging submerged 
hydrogels without distinctive boundaries. Importantly, both OCT and 
LSCM were in close agreement for cure depths across all formulations, 
adding confidence that optical techniques with micron-scale z-resolu
tion are among the most accurate methods for hydrogel cure depth 
measurements.

From the working curve plots, cure depths of a photopolymer resin 
can be related to radiant exposures using the Jacobs equation. The log- 
linear regression gives two fit parameters: Dp (light penetration depth, 
the slope) and Ec (critical exposure, the x-intercept) (Fig. 3, Table S2). It 
should be noted that the light penetration depth of a resin can be directly 
measured using UV–Vis spectroscopy (herein referred to as “optical 
Dp”). The Jacobs model Dp (“working curve Dp”) is a fit parameter which 
is not directly adapted from the optical Dp, but instead encodes kinetics 
and gelation into the calculation. Despite these differences, the optical 
Dp and working curve Dp of a polymer system generally follow similar 
trends. In this study, initiator and dye concentrations were consistent 
across the three hydrogel resins, and thus a similar optical Dp was ex
pected and observed when measured using UV–Vis absorbance data 
(Figure S6). While a slight decrease in optical Dp for 40 % PEGDA 700 
resin was observed, this may be due to the large increase in PEGDA 
concentration and solids content increasing the density of the solution, 
which increases the molar concentration of the absorbing species. 
Notably, it is implicit in the Jacobs model that both the resin and 
polymerized sample have equivalent absorbance that do not change as a 
function of time or cure. Effects such as polymer shrinkage and swelling 
are thus not accounted for in the Jacobs model. In all hydrogel formu
lations, the working curve Dp fit parameters were consistently higher 
than the spectroscopic Dp, especially for optical (OCT, LSCM) methods 
(Fig. 3A, C, E). A working curve Dp higher than the optical Dp is 
consistent with polymer swelling commonly observed in hydrogel sys
tems (as opposed to shrinkage of plastic resins). Interestingly, the soft 
hydrogel formulations (10 % PEGDA 700 and 20 % PEGDA 3400), which 
would be anticipated to have more significant swelling, had larger in
creases in the working curve Dp vs. the optical Dp than the stiff 40 % 
PEGDA samples (Table S2). These discrepancies have been observed in 
the literature [46], and can be attributed to physical deviations for the 
Jacobs equation assumptions. Consideration of both the optical and 
working curve Dp values may be important in bioprinting. The optical Dp 
could indicate the depth extent of reaction that results in the necessary 
interlayer adhesion for printing. The working curve Dp on the other hand 
should correspond to geometric variations in the final printed structures. 
Compared to optical measurements, contact methods on the soft 
hydrogels had increased deformation of taller samples, resulting in 
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decreased working curve Dp values. Of note, HHM working curve Dp 
values were significantly different from optical methods for both soft 
hydrogels while NI working curve Dp were not statistically different (p ≤
0.05, Fig. 3, Table S3–5). Relative errors (compared to optical methods) 
of working curve Dp for these soft hydrogels ranged from <1 % (NI) to 
greater than 30 % (HHM). If the deformation was constant across all 
samples, the working curve Dp would be expected to be consistent. This 
nonuniform deformation is likely a result of modulus gradients 
throughout photopolymerized samples, further highlighting the chal
lenges of these measurements. Photorheology working curves typically 
overestimated working curve Dp compared to all other methods. Again, 
it is important to note that photorheology is not directly measuring a 
cure depth but is instead a more nuanced real-time measurement.

The other Jacobs equation parameter (Ec) is closely related to the 
monomer and crosslinker species of the resin, and is sensitive to dif
ferences in concentration, molecular weight, reactivity, and crosslinking 
density. Based on photopolymerization fundamental equations, in gen
eral, higher local concentrations of reactive groups and higher reactivity 
ratios are expected to yield lower Ec values. This is clearly demonstrated 
in the three different hydrogel resins, as the 40 % PEGDA 700 had the 
lowest Ec followed by 10 % PEGDA 700 and 20 % PEGDA 3400 (Fig. 3B, 
D, F). Interestingly, for the LSCM of 40 % PEGDA 700, a slight decrease 

was seen in both Dp and Ec. This is likely due to the fact that longer 
exposure samples were unable to be measured, which had a significant 
influence on the fitting of the logarithmic Jacobs equation. When 
comparing across measurement techniques, contact methods (HHM, 
LFM, NI) generally had higher Ec values than optical methods (OCT, 
LSCM) for soft hydrogels, due to the deformation of samples during 
measurement. For 10 % PEGDA 700, Ec from all contact method 
methods were significantly different from optical Ec, while only LFM Ec 
was statistically different from optical methods for 20 % PEGDA 3400 (p 
≤ 0.05, Fig. 3, Table S3–5). Relative errors (compared to optical 
methods) of Ec for soft hydrogel samples ranged from 1 % to 50 %. 
Importantly, regardless of measurement technique used, the rank order 
of Ec (40 % PEGDA 700 < 10 % PEGDA 700 < 20 % PEGDA 3400) is 
maintained, suggesting each technique could be used as a general 
comparison tool.

Treating the OCT data as ground truth, insights into hydrogel 
printability can be observed in the calculated working curve parameters. 
For example, measuring the working curve of three additional PEGDA 
formulations (20 % PEGDA 700, 10 % PEGDA 575, and 25 % PEGDA 
575), Ec can be compared to the concentration of reactive functional 
groups (acrylates) in each resin (Fig. 4, Table S6). While decreasing Ec 
values as functional group concentration increases are expected based 

Fig. 3. Dp and Ec parameters calculated from a log-linear regression for A,B) 40 % PEGDA 700, C,D) 10 % PEGDA 700, and E,F) 20 % PEGDA 3400 hydrogels for 
each measurement technique. n = 3; data represent mean ± standard deviation. Dashed lines in A,C, and E represent the Dp measured using UV–Vis spectroscopy. 
Means that do not share a letter are significantly different (p ≤ 0.05).
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on photopolymer reaction kinetics, it is significant that a simple fit 
equation with low residuals can describe this relationship across mul
tiple PEGDA molecular weights and concentrations. It should be noted 
that all formulations in this study contained consistent photoinitiator 
and dye concentrations, and thus future studies should continue expand 
the scope of these observations. Interestingly, coupling this observation 
with a spectroscopic (e.g., infrared spectroscopy) or spectro-photo- 
mechanical (e.g., photorheology coupled with Raman spectroscopy) 
technique would extract conversion information from these systems. 
This information could be used to develop a chain-growth analog to the 
Carothers equation [47] and grant significant predictive power in bioink 
design and potentially even in plastic printing.

Overall, the results presented here help to lay the groundwork for 
measuring and standardizing the working curve measurement of 
hydrogel systems. While contact methods (specifically handheld mi
crometers and low force micrometers) of measuring cure depth may be 
simple and cost effective, the inaccuracies of cure depth measurements 
due to sample deformation limit their use. On the other hand, optical 
techniques result in more accurate measurements of hydrogel cure 
depths, but can be limited by cost, availability, and sample processing. 
For example, in confocal imaging, the addition of fluorescent dyes or 
particles was required to image the hydrogel samples. Regardless, as 
many hydrogel systems (beyond PEG-based) have similar mechanical 
and optical properties, these results are applicable to a broad range of 
materials, including natural polymers derived from gelatin, chitosan, or 
hyaluronic acid. Additionally, accurate measurement of hydrogel 
working curves can enable further quality control for bioprinting spe
cific constraints. For example, for a given resin, changes in the initiator 
concentration will primarily influence Ec, with minimal changes to Dp 
while changes in dye concentration will primarily influence Dp and not 
Ec [46,48,49]. Given that increased initiator concentrations can drasti
cally decrease cell viability [50,51], the working curve measurement 
can help to screen bioprinting resins for batch-to-batch processing 
variability. Overall, this work should be easily translatable across the 
bioprinting field, enabling the development, screening, and comparison 
of bioprinting resins.

4. Conclusion

For photopolymer additive manufacturing, the working curve has 
become ubiquitous in resin development and specification. However, a 
lack of standardization in the field has limited the practicality and 
applicability of this measurement. Additionally, much work in the field 
is based in plastic materials, which have drastically different properties 
compared to the hydrogel materials typically used in bioprinting ap
plications. Given the importance of 3D printing in the healthcare field, it 
is imperative to better understand and develop measurements for 
hydrogel 3D printing. Here, we screened multiple common methods of 
measuring hydrogel cure depth and describe important considerations 
and comparisons of each technique. Overall, working curves for 
hydrogels are recommended to be measured using optical, as opposed to 
contact methods, to ensure sample deformation does not impact Jacobs 
model fitting parameters. Additionally, while real-time measurements 
such as photorheology offer an interesting insight into photopolymer 
reactions, more theoretical understanding of polymer cure profiles and 
mechanical property gradients are necessary for these techniques to be 
used for working curves. Generally, these results could be the foundation 
of bioprinting quality control systems, while also serving as a starting 
point for optimizing print parameters. This practical guide of hydrogel 
working curves will help to further advance not only bioprinting in
novations, but all photopolymer additive manufacturing cases that use 
hydrogel systems.
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