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Abstract

Quantitative Phase Imaging (QPI) refers to 2D and 3D microscopy techniques that provide contrast by quan-
tifying the phase changes in the wavefront when light propagates through specimen. The QPI is particulary 
useful as advanced imaging and measurement tool in biomedical research, but its performance is sample-de-
pendent and cannot be reliably characterized with conventional approach to metrology. In order to benchmark 
the QPI system it is crucial to use phantoms that represent key details of the sample in realistic working con-
ditions, and evaluate the system in an end-to-end fashion. This work summarizes the metrological needs for 
the QPI, as well as presents 3D-printed phantoms ranging from simple bars, steps, cells and cell cultures, up 
to volumetric and scattering phantoms mimicking tissues or organoids. If such phantoms could be character-
ized by traceable and celibrated instruments, they would become invaluable tool to certify QPI instruments 
and enable reliable measurement outcomes. 

Keywords: Optical metrology; Quantitative phase imaging; Imaging phantoms; Two-photon polymerization; 
Biomedical imaging.
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1. Introduction

 Quantitative Phase Imaging (QPI) refers to a number 

of label-free 2D and 3D microscopy techniques that 

provide contrast by quantifying the phase changes in 

the wavefront when light propagates through transparent 

specimen [1, 2]. QPI provides means for measurement and 

imaging of biological or technical microstructures, merging 

beneficial features of microscopy, phase measurement 

methods (including interferometry and holography), and 

numerical (2D and 3D) computations. In biomedical appli-

cations, 2D QPI (phase microscopy) numerically converts 

recorded interference pattern into a map of optical delay 

[3–5], also called optical path difference (OPD) or an inte-

grated phase of a sample (Fig. 1a), often with nanoscale 

resolution and precision. The retrieved OPD is obtained 

as:

where d(x,y) is the thickness of a sample and n(x,y) is the 

average refractive index (RI) along the considered height. 

OPD can also be expressed as 

where ϕ  is the phase delay of the light with a given wave-

length λ. This approach provides contrast even in optically 

transparent objects, such as biological cells (Fig. 1b). 

Furthermore, the OPD map enables to segment cells within 

monolayer cell culture and calculate their biophysical prop-

erties such as dry mass, area and motility [6] in order to 

study e.g. immune cell behavior [7], neuron dynamics [8] 

and advance precision cancer medicine [9]. In 3D QPI sys-

tems tomographic reconstruction is based on a series of 

images captured as multiple angular projections of a sample 

(Fig. 1c). Then, the 3D RI is obtained analytically from the 

synthesized 3D scattering potential under Fourier 

Diffraction Theorem [10, 11], or using various optimization 

solvers that iteratively solve for sample’s 3D RI by mini-

mizing the error between measured and numerically prop-

agated intensities or complex amplitude fields [12–14]. 

Machine learning is also being explored to perform tomo-

graphic reconstruction using physics-informed neural net-

works [15–17]. 3D QPI is applied to study more relevant, 

three-dimensional biological objects such as tissue slices 

[18], spheroids [13], organoids [19] and even entire organ-

isms [12, 20] to reveal their morphology, analyze growth 

or detect pathological states.

The measurement process in 2D and 3D QPI is non-in-

vasive and label free, meeting the demand for advanced 

imaging technologies in biomedical research. Several [2] 

research and commercial QPI systems are available [2] 

covering a wide range of magnifications, spatial resolutions, 

accuracies and functionalities. Performance of QPI instru-

ments depends on optical system parameters (numerical 

aperture, scanning, noise), light propagation modelling (e.g. 

scattering, coherence) and data processing [21] (demodu-

lation, tomographic reconstruction), creating unique chal-

lenges for their metrology. 

Fig. 1. The principle of QPI measurements: 2D QPI and example result of a 2D integrated phase (a-b) and 3D QPI and example result of a 3D 
refractive index distribution (c-d). of a biological cell. DoF- depth of focus, MO- microscope objective, CCD-camera sensor.

(1)

(2)

Apart from system performance itself, the utility of full-

field phase measurement in biomedical applications also 

depends on the sample complexity and result analysis al-

gorithms. This creates a lot of uncontrolled degrees of 

freedom and the interplay between these factors cannot 

be reliably measured. Instead, in order to evaluate the sys-

tem it is crucial to use phantoms that represent key details 

of the sample and therefore can provide a benchmark for 

calibration and validation of QPI systems in realistic 

working conditions, enabling end-to-end approach to 

metrology. 

Currently available 2D QPI test targets are inade-

quate, because: (1) they contain purely geometrical 

shapes and their phase value is constant within those 

regions; (2) optical path difference is introduced between 

the substrate (usually glass) and air, which yields refractive 

index contrast of about 0.5. Therefore the current solu-

tions cannot represent real samples for which 2D QPI 
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systems are optimized for, that is biological cell and cell 

cultures measurements. The phase range and variability 

should correspond to the biological cells. The refractive 

index contrast between the sample and the background 

should be around 0.03 in order to land within typical values 

of phase, height and refractive index of the measured ob-

jects. Moreover, commercially available targets are typi-

cally made of materials and substrates required by the 

applied manufacturing process, which are different than 

cover glasses or Petri dishes used to image biological sam-

ples. Due to different imaging conditions and additional 

optical aberrations, the results obtained from such targets 

cannot be directly transferred to biological experiments. 

Similarly in 3D, the resolution test charts or microbeads 

are commonly used to evaluate the tomographic recon-

structions with at least geometrical traceability, however 

commercially offered targets are too simple and lack the 

typical biological diversity and RI entropy seen in complex 

biological samples.

Considering the lack of test targets for 2D and 3D QPI 

that can mimic phase and RI profiles of biological micro-

structures the works have begun on the design of such 

standards and the search for methods for their production. 

Two-photon polymerization (TPP) has been shown to ad-

dress all main challenges for phantom fabrication outlined 

above, that is geometry, RI contrast and sample compati-

bility [21, 22]. TPP utilizes tightly focused femtosecond 

laser beam to locally solidify photosensitive resin using the 

principles of two-photon absorption [23, 24]. The micro-

structures emerge as the beam focus is scanned across 

the liquid resin in line by line, layer by layer fashion featur-

ing submicrometer resolution in all three dimensions [25]. 

The degree of monomer cross-linking depends on the en-

ergy dose [26], which can be exploited to engineer the 

refractive index distribution within the processed volume. 

As a result, TPP enables fabrication of transparent, struc-

turally complex samples with submicrometer features and 

predetermined 3D RI distribution [27]. However, the meas-

urement traceability of these phantoms decline, as most 

metrological protocols and guidelines are suitable only for 

well-defined height profiles [28, 29]. Here we provide an 

overview of the crucial parameters for evaluation in the 

QPI systems, the corresponding test targets that are fea-

sible for fabrication using TPP, as well as we summarize the 

challenges related to metrology of said structures and QPI 

systems.

2. Measurement range and fabrication
considerations

The 2D and 3D QPI provide exceptional accuracy and 

throughput, combining high resolution at relatively large 

field of view and captured rapidly when compared to 

tactile/linear scanners. Typical range of accessible param-

eters has been summarized in Tab. 2, along with the cor-

responding parameters of the 3D-printing via TPP.

Table 1. Range of key parameters of the QPI systems and the TPP technique.

In case of the QPI, lower limit of size or phase/RI cor-

responds to the spatial resolution and sensitivity of the 

instrument, while the upper limit is related to the field of 

view and measurement range, respectively. While the 

whole range of indicated parameters is rarely utilized in a 

single instrument, it is in principle possible using various 

stitching or multiplexing approaches. The upper limit of 

phase and RI can differ significantly between different 

implementations of QPI, but generally a few wavelengths 

of phase shift in weakly scattering samples (RI contrast 

within 0.05) is considered satisfactory. Beyond that the 

errors are rapidly increasing and specialized hardware and 

software solutions are required. In biomedical applications 

the range of measurand is fundamentally imposed by the 

sample and biological problem at hand, therefore expand-

ing this range is of great importance to enable QPI of thick 

tissue slices, organoids or even entire microorganisms.

TPP covers the required parameters range in all but one 

aspect, that is lower bound of RI. In conjunction with the 

ability to address main challenges outlined in the 

Introduction, the TPP reinforces its position as the suitable 

method for phantom fabrication. While the RI range ac-

cessible within a single resin is relatively small (at the order 

of 0.03, the difference between monomer and fully po-

lymerized states), this is close to the range of values rep-

resented in biological specimens. However, the RI range 

can be easily extended up to 0.5 using multiple materials 
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The resolution targets could be used to evaluate the 

instrument transfer function [32], which ties amplification 

coefficient (in this case phase/RI response) to the spatial 

frequency, providing more comprehensive way to charac-

terize the system. This response can differ depending on 

direction, field of view and the proportion between height 

and RI contrast contribution to the measured phase, so 

still more guidelines are needed to standardize even res-

olution evaluation in QPI. 

In the case of magnification, it is feasible to provide 

traceability. Required accuracy depends on the pixel size 

of the camera and magnification of the optical system. For 

the current most demanding QPI systems uncertainty re-

quirement for the magnification target positions is around 

40 nm over 120 µm field of view (0.03%), so that the mag-

nification error below that value would scale the whole 

image by no more than half a pixel.

3.2 Two-dimensional

2D phase maps constitute the main output of the full-

field QPI system, where the optical path delay is evaluated 

at each pixel. Since biological specimen variability is ex-

tremely high (cells of different types, tissue of various or-

gans etc.), it is impractical to benchmark the performance 

using material measures, such as described in ISO 5436-1 

or ISO 25178, if the measurement system is sample-de-

pendent with tightly integrated reconstruction and pro-

cessing software. For this reason, 3D-printed phantoms 

can be obtained by recreating the height map that corre-

sponds to the phase measurements of the actual biological 

samples [33]. Such phantom mimics the features that are 

of interest for biomedicine, while also enabling the bench-

marking using feature vectors consistent with analysis 

pipeline appropriate for the particular imaging task. 

Nevertheless both types of structures, that is technical 

and biomimicking, can be fabricated on a single substrate 

(Fig. 3), bridging the gap between standardized artifacts 

and lifelike phantoms.

[24] or immersing the sample in the RI-calibrated medium 

of choice. 

Fabrication time indicated in the table is related to the 

scan speed and laser power available in the system, as well 

as the structure’s fidelity and printed volume. Structures 

mimicking single cells could take a minute to fabricate, while 

e.g. organoids typically take about an hour, on top of the 

15 mins needed for the development. Longer prints, that 

is at high resolution and/or volume can take over a day and 

drive up the cost, but this doesn’t have negative impact on 

the utility. In case of the QPI however, the measurement 

time is related to noise characteristics and, more impor-

tantly, temporal resolution. Minimization of measurement 

time is critical in imaging of live specimens due to dynamic 

processes. 2D QPI generally requires a single image and 

is limited by the exposure time and/or frame rate of the 

camera, while 3D QPI relies on tens or hundreds of images 

to reconstruct the 3D RI. Especially in 3D QPI motion blur 

might be the reason behind discrepancy of the resolution 

determined in the stationary phantom and in e.g. living 

cells. Longer acquisition times, however, could be beneficial 

to increase sensitivity via averaging.

3. 3D-printed microphantoms for QPI

In this section various test structures for QPI ranging 

from simple marks and bars, steps, cells and cell cultures, 

up to volumetric and scattering phantoms mimicking tis-

sues or organoids are presented.

3.1 One-dimensional

Spatial resolution and image magnification of QPI sys-

tem are crucial to determine the minimal feature size that 

can be resolved, as well as the proper lateral scaling of the 

acquired images that contribute to the area and dry mass 

measurement accuracy. In general, the commercial targets 

for resolution and magnification are widely available in 

both amplitude and phase variants [30, 31]. The structures 

made using TPP are designed to be measured at appropri-

ate RI contrast, which makes the measurement conditions 

quite different than targets measured in air. If commonly 

used air targets (typically within 100–500 nm in height) 

are used in a low contrast setting, then the phase signal is 

weak and the resolution reading is heavily impacted by the 

precision or signal-to-noise of the instrument. If the height 

is increased to match the phase magnitude of the biological 

samples, the target may exceed the depth of focus, in which 

case the wavefront does not represent integrated phase 

due to light diffraction. These major differences arising 

from RI contrast of the measured sample contribute to the 

measurement outcomes even when using simple geometry 

targets, and have to be considered when designing targets 

and benchmarking new instruments.

Fig. 2. Scanning electron microscopy (a) and QPI (b) image of the 
TPP test structures for determination of resolution (300–700 
nm line width, with increasing heights H1-H3) and magnification.
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The issue with metrological traceability of such phan-

toms arises since there are two critical variables to validate: 

height and RI. In typical calibration artifacts used in reflec-

tion mode the RI of air can be accurately calculated in a 

controlled environment, and therefore its error contribu-

tion is usually negligible. In the case of 3D-printed struc-

tures intended to be measured in physiological conditions 

(low-RI contrast) in transmission, the considered RI con-

trast is between the RI of a 3D-printed polymer and the 

RI of an immersion liquid. Even though the immersion liq-

uids can be measured quite accurately (off-the-shelf cer-

tified liquids can have the RI uncertainty at the order of 

0.0002), the accurate measurement of the RI of the poly-

mer is still a challenge. Methods based on total internal 

reflection require large volumes of TPP material and the 

surface of the polymer could have different parameters 

than the bulk material due to resin chemistry and proximity 

effects, rendering reflection methods for RI measurement 

unsuitable.

Even though the 2D systems provide integrated phase, 

the phantom has to be characterized in terms of its height 

and RI in order to incorporate correction factors such as 

chromatic dispersion or temperature coefficient. In prin-

ciple the most suitable methods for accurate polymer RI 

determination would be calibrated QPI system that provide 

phase measurements, which can be combined with trace-

able height measurement. An alternative approach would 

be to measure phase shift in two certified RI immersion 

liquids, which require additional sample preparation and 

cleaning. Step structure with regions representing two 

distinct optical path values are necessary, such as shown 

in the Fig. 3d). The problem is, that the calibrated systems 

typically work in reflection and with micrometer-thin sam-

ples as outlined in the Introduction, making them unsuit-

able for measurements of relatively tall structures (∼ 20 

µm). Additionally, this approach can introduce circular 

problem where optical method akin to QPI is used to char-

acterize the RI, which is then intended to be used for QPI 

validation. Lack of other techniques that could provide 

direct reference for QPI measurements in the case of cell 

phantoms, where high accuracy, resolution and field of 

view is required simultaneously pose a great challenge for 

2D QPI metrology.

3.3 Three-dimensional

Phantoms for 3D QPI require exceptionally high spatial 

resolution (up to 150 nm), as well as controlled three-di-

mensional RI distribution. Both features are enabled by 

Fig. 3. An assortment of 3D-printed test structures useful for evaluation of 2D QPI: a) bright-field microscope image of a USAF resolution 
test chart (groups 6-9), b) spoke target, c) chirp target (color gradient indicate interference filtering artifacts), d) phase image of the step 
structure, e) brigh-field  image of the cell phantom arranged in high-confluence sample, f) phase image of a 2.5 mm2 cell culture phantom 
stitched from 15x15 fields of view.
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the TPP, where the gradual degree of conversion of the 

resin from monomer to polymer change local density and 

thus refractive index. This enables fabrication of phantoms 

that very well mimic the optical properties of biological 

specimens in the context of QPI.

Artificially designed phantoms are advantageous be-

cause of their well-defined features, such as resolution 

cuboids or ellipsoidal inclusions, that are straightforward 

to quantify and compare. The example of the phantom 

of a single cell is shown in Fig. 4a.It has been used to directly 

compare and learn from the results obtained from three 

3D QPI systems [21]. Extending this idea, it is possible to 

create an array of artificial cells in the form of a monolayer 

(Fig. 4b) or a 3D cell cluster, which mimic the most common 

biological arrangements. Cell phantom can also be embed-

ded inside of another microstructure that increase the 

difficulty of imaging by e.g. exhibiting adjustable scattering 

properties of a tissue [34] (Fig. 4b-c). Finally, the TPP can 

recreate arbitrary RI distribution designed artificially (Fig. 

4d-e) or coming directly from measurements of a real sam-

ple, capturing the RI entropy of complex biological speci-

mens such as organoids (Fig. 4f-g). These initial measure-

ments used as a basis for the phantoms are obviously er-

roneous with respect to the true morphology of the spec-

imen, however, with the continuous advancements in both 

3D QPI and TPP it is envisioned that these techniques can 

feed into each other and enable more and more accurate 

measurements, that become more and more accurate 

phantoms. Finally, this approach aims at providing both 

physical phantoms and digital twins of specific groups of 

biological microobjects.

Fig. 4. An assortment of 3D-printed test structures useful for evaluation of 3D QPI: a) single cell phantom with intracellular compartments 
and refractive index contrast, b) scanning electron microscopy image of an array of single cell phantoms from a) arranged in a monolayer, c) 
3D QPI measurement of the cell phantom from a) embedded into the porous cube (fabricated simultaneously) to increase the scattering of 
light, d-e) artificially designed 3D cell cluster with scattering cubes on the surface, captured by the scanning electron microscope and brightfield 
microscope, f-g) scanning electron microscopy image of the organoid phantoms, that were designed using measurements of real organoids.

Metrological challenges in 3D QPI stem from stability 

of the structure, as well as complete lack of appropriate 

reference measurement methods. The first limitation is 

related to the fact, that partially-polymerized resin exhibit 

low mechanical stability and such regions of the phantom 

can excessively shrink, are vulnerable to solvents and pho-

tosensitive. Therefore the design, handling and storage of 

such phantoms to ensure their key metrological parame-

ters is challenging. The second limitation relates to the 

wealth of information provided by the 3D QPI, that is fully 

volumetric data at high spatial resolution and RI accuracy 

(usually stated at 10−3–10−4). It is unmatched by any other 

technique that could provide direct reference measure-

ment for comparison. Modelling and metrology of TPP 

could be used to imply certain metrological parameters of 

the phantom, and while this approach is far from being 

rigorous or standardized, it might be the only option to 

provide the expected 3D RI for evaluation.

4. Discussion and conclusions

In rapidly progressing field of QPI end-to-end approach 

to metrology is desired. In such approach a calibration sam-

ple is measured and analyzed using the same presets and 

protocol as for the biological specimen, and the results are 

expressed as key biophysical parameters of the sample. 

The measurement system and necessary data processing 

can be treated as a black box, since the comparison hap-

pens between the known input (phantom standard) and 
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measured set of quantities that the sample has been cali-

brated for. It greatly decreases barrier to entry for com-

prehensive metrological evaluation of the QPI systems, 

since the detailed knowledge and analytical models of the 

device are not required. Instead, the challenges are trans-

ferred over to the phantom fabrication and characteriza-

tion, since standards have to be developed for a particular 

application in mind and each particular cell morphology or 

culture behaviour warrants its own phantom.

End-to-end approach, however, is not well compatible 

with the current national level standard certification pro-

tocols. At the Central Office of Measures in Poland, the 

one-dimensional and two-dimensional phantoms present-

ed in this work could be measured using MII-4 microscope 

interferometer ((240×160×1) µm measurement range, 

expanded uncertainty U = 11 nm, relative uncertainty ur 

≈ 1%), a contact profilometer ((60×100×2) mm, U = 30 nm 

÷ 59 nm, ur ≈ 0.3%), and the Nanomeasuring Machine 

(NMM-1) equipped with an atomic force microscope 

(AFM) and white-light interferometer module. Depending 

on the needs and consequently the system used for meas-

urements, one can obtain a different measurement range 

and expected measurement uncertainty. In the case of the 

most accurate settings of the NMM-1, the measurement 

range with equipped AFM head is (25x25x5) µm, the res-

olution of the measurement system is 0.1 nm and the ex-

pected measurement uncertainty is at the level of single 

nanometers (ur ≈ 0.1%). Measurements of RI standards 

are performed by the precise geometric measurements 

laboratory of the Central Office of Measures using a go-

niometer-spectrometer II UV-VIS-IR. It is equipped with 

two equilateral prisms and two recess prisms, and the RI 

is determined by the goniometric method based on meas-

urements of the prism’s angle of refraction and the angle 

of the smallest deviation. Calibration is performed in the 

visible light range (405 ÷ 656) nm. This setup is used to 

determine the refractive index of solids and liquids refrac-

tometric standards in the range of 1.300000 ÷ 1.900000 

with expanded uncertainty (k = 2) of the order of 3 × 10−6 

(ur ≈ 10−4 %). While these systems are capable of calibra-

tion of quantities in the appropriate range as indicated in 

Tab. 2, both geometry and RI have to be evaluated sepa-

rately and require different forms of samples. Therefore 

this approach is more appropriate for the evaluation of the 

fabrication technique, but even then the fabrication pa-

rameters can change and the accuracy is sample-depend-

ent. For direct calibration even two-dimensional phantoms 

there is a need for aerial profilometry with high spatial 

resolution and height uncertainty defined in relation to 

spatial frequency of the sample, as well as accurate meas-

urements of the RI in the micro-scale. Bridging the gap 

between calibrated scalar measurements and full-field or 

even volumetric data holds the key to make the best out 

of the wealth of information provided by the QPI.

Therefore, it is envisioned that 3D-printed microphan-

toms as described here are going to be widely utilized to 

support the development and validation of measurement 

instruments not limited to QPI. Along with the advance-

ments in the fabrication capabilities, more and more ma-

terials including composites will enable phantoms for var-

ious modalities (contrasts) and with advantageous prop-

erties (e.g. 3D-printed glass [23] for stability and environ-

mental resiliency). Optical instruments working in trans-

mission are generally sensitive to the RI distribution within 

the sample, even if it is not the quantity that they ultimately 

measure. Therefore most such systems could utilize pre-

sented phantoms for investigation and minimization of 

sample-induced aberrations caused by the RI inhomoge-

neities. Lastly, phantom generation and fabrication can be 

automated in order to create large experimental datasets, 

which are pivotal for training and validation of machine 

learning approaches to imaging and detection in biomed-

icine and industry.
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