
FULL PAPER

Journal of Flow Chemistry
https://doi.org/10.1007/s41981-024-00323-2

	
 Inga Burke
inga.burke@tu-dortmund.de

	
 Norbert Kockmann
norbert.kockmann@tu-dortmund.de

1	 Department of Chemical and Biochemical Engineering, 
Laboratory of Equipment Design, TU Dortmund University, 
Emil-Figge-Str. 68, 44227 Dortmund, Germany

Abstract
Emulsification processes are often found in the process industry and their evaluation is crucial for product quality and 
safety. Numerous methods exist to analyze critical quality attributes (CQA) such as the droplet sizes and droplet size 
distribution (DSD) of an emulsification process. During the emulsification process, the optical process accessibility may 
be limited due to high disperse phase content of liquid-liquid systems. To overcome this challenge, a modular, optical 
measurement flow cell is presented to widen the application window of optical methods in emulsification processes. In this 
contribution, the channel geometry is subject of optimization to modify the flow characteristics and produce high optical 
quality. In terms of rapid prototyping, an iterative optimization procedure via SLA-3D printing was used to increase oper-
ability. The results demonstrated that the flow cell resulting from the optimization procedure provides a broad observation 
window for droplet detection.
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Introduction

Emulsification processes and their evaluation are crucial 
for efficiency and quality measures of a variety of products, 
including food, cosmetics, and pharmaceutical preparations 
[1, 2]. A critical characteristic of emulsions is the droplet 
size distribution (DSD), which plays a central role in deter-
mining the quality of the product as well as the emulsifi-
cation process performance. Evaluation and analysis of the 
DSD are often performed offline, which can result in inef-
ficient process control based on the delay through the offline 
analysis [3, 4]. Nevertheless, automated online methods for 
image evaluation are increasingly used in the process indus-
try, whose potential can be used to determine characteristic 
emulsion parameters, too [5–10]. The application of these 
image-processing methods requires optical accessibility of 
the emulsion. Previous investigations [5] show limitations 
in the optical accessibility regarding higher disperse phase 
fractions. Improving optical accessibility can overcome 
limitations caused by high oil content in emulsions for sin-
gle droplet detection.

Previous investigations of the Laboratory of Equipment 
Design at TU Dortmund University focused on liquid-liquid 
microfluidic applications, multiphase flow, evaluation of dif-
ferent sensors for measurement in continuous capillary flow, 
and small-scale application [11–16]. Based on this, the cur-
rent contribution describes a modular, optical measurement 
flow cell for improved optical access to an emulsification 
process and its design workflow. A qualitative evaluation of 
the resulting emulsion images for image processing is car-
ried out. The concept for the development of optical mea-
surement cells takes three key factors during prototyping 
into account regarding the measurement cell design: device 
material, channel geometry, and suitability for emulsions, 
which are all considered in the prototype development.

Rapid prototyping of different optical flow cells was real-
ized using SLA-3D printing, which provides flexible design 
structures and results in an optimized optical measurement 
flow cell. 3D printing enables the production of complex 
and precise microfluidic structures that would be difficult to 
implement using conventional manufacturing methods. This 

is especially important because many microfluidic systems 
are based on precise channel geometries and structures. The 
challenges of 3D printing presently relate to the choice of 
appropriate materials and printing resolution, which affects 
the limitation of the smallest channel dimensions that can be 
manufactured [17, 18]. The evaluation of the different pro-
totypes of the optical measurement flow cell was carried out 
using different evaluation criteria based on the flow, mate-
rial choice, and flow cell geometry as well as the analysis of 
the resulting emulsion images taken during the emulsifica-
tion process. Here, it is necessary to ensure that the objects 
have sufficient contrast with the background and that the 
edges are clear and sharp [3, 19, 20]. Figure 1 illustrates the 
general procedure of the flow cell development, which is 
presented and evaluated in this contribution.

Framework

The experimental setup as well as the used substance sys-
tems build the framework for the measurement flow cell 
design. Based on this the geometry as well as the material are 
chosen. The substance system determines the characteristics 
of the emulsion and thus influences the flow behavior of the 
product. The experimental framework and the manufactur-
ing technology used for the modular measurement cell are 
presented below. The substance system used for testing and 
the lab emulsification process is presented. Commercially 
available sunflower oil (ν = 65.22· 10− 6 m2·s-1 at T = 20 °C) 
was dispersed in deionized water (ν = 1.005·10− 6 m2·s-1 at 
T = 20 °C) for all experimental trials [21, 22]. The emulsion 
itself is produced by the high shear rates in the gap between 
the rotor and stator.

Experimental Framework

The newly developed optical measurement flow cell is 
integrated into a laboratory emulsification process first. A 
schematic representation of this is shown in Fig. 2a). The 
emulsion process takes place in a 1 L double-jacketed glass 
vessel, which is temperature-controlled by a Pilot ONE 

Fig. 1  General procedure to develop a modular, optical measurement flow cell for emulsification processes
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ministat 230 (Huber Kältemaschinenbau AG, Offenburg, 
Germany). A rotor-stator system is used for emulsion pro-
duction. The disperser used (HG-15D, witeg Labortechnik 
GmbH, Wertheim, Germany) is equipped with a dispersing 
tool (HT1018, witeg Labortechnik GmbH) whose rotor has 
a diameter of 20 mm and stator of 25 mm, resulting in a 
gap width of 0.25 mm. At the bottom and top, the vessel 
contains screw connections to which a bypass is connected.

The optical measurement flow cell is used to monitor the 
emulsification process and determine the emulsion quality. 
The bypass consists of an FEP tube with an inner diameter 
of 1.6 mm. Figure 2b) shows a more detailed representation 
of the optical analysis unit, composed of the measurement 
flow cell placed under a microscope (Bresser Science ADL 
601P, Bresser GmbH, Rhede, Germany), with a camera (Z6, 
Nikon GmbH, Japan) attached. A peristaltic pump (Watson 
Marlow, Rommerskirchen, Germany) pumps the emulsion 
through the bypass, passing the flow cell and microscope 
before returning to the emulsion vessel. To avoid limitations 
due to a high droplet density during measurement in the ves-
sel, the measurement is carried out in a bypass.

Droplet size measurement using image analysis is time-
consuming because it requires the processing of a large 
number of droplets to build the droplet size distribution. 
Artificial Intelligence (AI) algorithms offer high effective-
ness in the field of image recognition, thus the image quality 

of the resulting images is evaluated for the possibility of 
AI-based evaluation [23]. The pixel-to-micrometer ratio is 
essential to determine the specific droplet size of the dis-
perse phase. For this purpose, a scaling frame was designed, 
which is centered in the field of view on the modular, optical 
measurement flow cell with internal dimensions of 1.5 mm 
x 2 mm. An image capture including the 3D printed scaling 
frame to identify the pixel-to-micrometer ratio illustrated 
in Fig. S1 in Supporting Information. The general camera 
settings during the experimental execution are listed in 
Table 1. The images were captured at a resolution of 2160 
p, resulting in a pixel-to-micrometer ratio of 1.27 p·μm−1 
using the scaling frame.

Table 2 defines the operating window examined for the 
characterization of the presented optical measurement flow 
cell.

Table 1  Camera settings for experimental trials
Camera setting Specification
Shutter speed / s 1/500 & 1/1,000
ISO / - 800 & 1,000
Frames per seconds / s− 1 30
Quality / p 3,840 × 2,160
Color temperature / K 2,800

Fig. 2  (a) Schematic experimental setup of the emulsification process including bypass with the optical measurement flow cell. (b) Detailed view 
of the optical measurement flow cell placed under the microscope for optical accessibility of the emulsion
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final evaluation of the measurement cell for the application 
of an online measurement method. Iteration of the above 
aspects is fundamental to the development of the presented 
3D printed optical flow cell.

The evaluation of the prototypes is based on multiple 
criteria. Here, the importance of achieving a high optical 
quality of the resulting emulsion images is decisive for an 
intended image evaluation. Single droplet detection using 
image processing requires high resolution and recognizabil-
ity. Droplet boundaries need to be clear with high contrast 
and in focus. Sufficient exposure of samples under a micro-
scope and the desirability of a high refractive index of the 
droplets are important. Capturing images in flow requires 
minimal motion blur. A high number of recorded images 
per second is crucial as well as an adaptation of the shut-
ter speed to the flow velocity. Capturing videos provides 
continuous monitoring of process changes and recording 
of a statistically significant number of droplets [24, 25]. A 
transparent material with low optical distortion is required 
for the measurement flow cell to be able to detect single 
droplets across the operating window. Preventing coales-
cence of the droplets in the bypass (see Sect. 2.1) and the 
optical flow cell are relevant, too. The material properties of 
the flow cell are important to avoid coalescence especially if 
no surfactants are used. The flow through the measurement 
cell is crucial. Back-mixing, the formation of vortices, and 
flow detachment must be avoided so that coalescence is pre-
vented on the one hand and droplet formation on the other 
hand. An overview of all defined requirements, evaluation 
criteria, and their importance for the optical measurement 
flow cell design are given in Table 3.

Manufacturing for Prototyping of Optical Flow Cell

The measurement flow cell components, from which the 
various prototypes are made, are manufactured using addi-
tive fabrication, in this case, stereolithography (SLA). In 
SLA printing, the components are manufactured with a high 
resolution of 0.025 − 0.100 mm by photo-induced polym-
erization using an SLA-3D printer (Formlabs Form 3+, 
Formlabs, Berlin, Germany). Various resins with different 
properties are used for this purpose. A list of the used resins 
is given in Table S1 in Supporting Information.

The surface of the printing platform is immersed in a liq-
uid resin solution and polymerized layer by layer using a 
(ultraviolet) UV light beam, see Fig. S2 in SI. The finished 
part is washed in isopropyl alcohol (IPA) for 30  min. to 
remove the unpolymerized liquid resin from the component. 
A syringe filled with IPA is used to clean internal channels 
and cavities to remove residues from the channels. After 
that, the component is UV post-cured.

Prototyping

The flow cell was iteratively developed, which resulted in 
different prototypes. In general, the process covers three 
key factors related to the measurement flow cell design (see 
Fig. 1). First, the properties of different materials are inves-
tigated and a material selection is made for the presented 
substance system, see Sect. 3.1. The second iteration step 
includes the design of the optical flow cell, in particular, 
the channel geometry is investigated (see Sect.  3.2). The 
final iteration step (see Sect. 3.3) addresses the investigation 
of integrating the measurement cell into an emulsification 
process and assesses the successful droplet size determina-
tion during the process. This integration is crucial for the 

Specification Requirements Importance
Flexibility Variation of phase fraction, microscopic magnification o
Geometry Channel depth for light penetration +
Flow No dead zones, no back flow, no vortex formation, flow velocity, and 

shutter time
o

Material Wettability, lipophilic, stability, tightness, resistant to detergents +
Optical Low optical distortion, transparent, light transmittance +
Other Fixations and attachment, fast procurement of spare parts, cheap -

Table 3  Requirements and 
evaluation criteria for the optical 
measurement flow cell and their 
importance during prototyping; 
+ very important, o important, - 
less important

 

Process parameter Operation range
Continuous phase / vol.-% 99 − 85
Disperse phase / vol.-% 1–15
Total volume / mL 1,000
Disperser speed U / rpm 5,000 & 10,000
Temperature T / °C 25.00

Volumetric flow rate bypass V̇side stream  / mL·min− 1 42.39

Table 2  Process parameter set-
tings and conditions as well as 
the used operation range
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is considered non-wetting. If ϴ tends towards 0°, complete 
wetting is present and the liquid spreads across the surface 
[26, 27].

The material properties of the optical flow cell were 
examined for the wettability of water and sunflower oil 
using the sessile drop method. The plugin Contact Angle 
for the software ImageJ was used to evaluate the contact 
angle ϴ [28].

Wettability Test and Material Choice

The modular, optical measurement flow cell consists of 
different components such as a viewing glass, a measure-
ment cell frame, seals, and an adjustable channel depth. The 
adjustable channel depth, the measuring cell frame, and the 
viewing glass are product-contacted components. Since the 
used materials need to confirm optical requirements as well 
(see Table  3), the wetting behavior of the pure substance 
systems is tested on High Temp resin and Clear resin for the 
flow cell frame and the channel depth adjustment. From the 
contact angles of the tested materials (ϴHighTemp, Water = 76.0 
vs. ϴClear, Water = 65.5°, and ϴHighTemp, Oil = 38.2° vs. ϴClear, 

Oil = 30.0°), it can be concluded that none has optimal prop-
erties for emulsion handling since the tested fluids -water 
and sunflower oil- wet all of the tested materials. Addition-
ally, the wettability for sunflower oil and water on different 
materials (FEP, glass, and PMMA) used as the view glass 
were tested. Only FEP behaves in a dewetting manner with a 

Material Study

The iterative workflow of this design step, illustrated in 
Fig. 3, focuses on determining all requirements concerning 
the components. Further, a wetting test on all needed com-
ponents is necessary. Finally, the resulting contact angles 
are evaluated for the subsequent application.

The investigation of the wetting behavior of the materials 
used is crucial in the development and design of an optical 
measurement flow cell. The materials have to be selected in 
a way that especially the disperse phase does not adhere to 
the flow channel material and coalesces there. Thus, when 
investigating water and oil droplets, high contact angles ϴ 
>∼90° are desirable for the respective materials.

Wettability is defined by the static contact angle ϴ and 
depends on the properties of the solid surface, the deposited 
phase, and the surrounding phase. According to the Young-
Laplace equation (Eq. 1), the contact angle ϴ is determined 
by settling a droplet of liquid on a solid surface and is 
defined by γSG, γLS, and γLG. γSG, γLS, and γLG describe the 
interfacial tensions between solid (S) and gas (G), liquid (L) 
and solid, and liquid and gas, respectively.

cosθ =
γSG · γSL

γLG
� (1)

For contact angles ϴ < 90°, the deposited phase partly wets 
the solid surface, while for ϴ > 90° the deposited phase 

Fig. 3  Schematic overview of the first iterative process step in prototyping for the development of an optical measurement flow cell; the iteration 
shows the material study including the surface conditions and wettability of the material used for the optical measurement flow cell [16]
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before the design is changed to counteract the observed, 
unwanted effects.

The geometry of the microchannel in the flow cell plays 
an essential role in the characterization of optical measure-
ment flow cells. The channel geometry needs to be designed 
to avoid flow detachment, vortex formation, backflow, or 
the development of dead zones. These phenomena are unde-
sirable as they increase the coalescence of droplets in the 
optical measurement cell. The seal and its placement affect 
the flow behavior as well, especially if it is in contact with 
the emulsion, and needs to be discussed. Improper place-
ment and inconsistent production provide potential droplet 
adhesion and coalescence. In addition to the channel and 
frame geometry, different channel depths are investigated, 
which have an influence on the flow, light transmission, and 
single droplet detection during the emulsification process. 
The influence of the channel depth on the image quality is 
discussed later.

Flow tests are carried out to characterize the optical 
measurement flow cells concerning their flow characteris-
tics. The measurement cell to be investigated is attached 
to a stand and connected to the emulsification vessel, an 
upstream pump (LabDos Easy Load, HiTec Zang GmbH, 
Herzogenrath, Germany), and a three-way piece using an 
FEP tube with an inner diameter of 1.6 mm. An injection 
syringe filled with a defined amount of ink is connected 
to the three-way piece. The flow test is recorded using a 

contact angle of ϴ = 97.0° concerning water. For sunflower 
oil, a contact angle ϴ = 83.2° was measured. Thus, FEP 
repels water and sunflower oil better and has lower adhesion 
properties for the pure substance systems. The results of all 
contact angle measurements for different fluids are given 
in Supporting Information Sect. 3. In this application, the 
Clear resin is chosen, since it provides better optical prop-
erties. The wetting behavior of Clear resin implies droplet 
adhesion on the surfaces of the adjustable channel depth 
and the measurement cell frame. Coalescence is prevented 
by a constant flow within the optical measurement cell. If 
necessary a higher volumetric flow rate is adjustable. The 
droplets are recorded on the surface and in the center of the 
channel, and adhering droplets do not influence the optical 
evaluation. To prevent droplet adhesion at the view glass, it 
is covered with an FEP film. For the used substance system 
and process settings, coalescence within the optical mea-
surement flow cell was not observed. Further investigations 
of the seals will be carried out for the final material choice.

Design of Optical Flow Cell

The iterative workflow of the second design step, illustrated 
in Fig. 4, covers the channel geometry of the optical flow 
cell. As in the first iteration step, requirements need to be 
specified concerning the flow behavior. Further, a flow test 
of the designed measurement cell is executed and evaluated 

Fig. 4  Schematic overview of the second iterative process step in pro-
totyping for the development of an optical measurement flow cell; the 
iteration shows the steps and requirements concerning the channel 

geometry and flow characteristics of the flow cell including the exami-
nation of different seals [16]
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corresponds to the quotient of volumetric flow rate V̇  and 
the cross-sectional area A [29].

Channel Geometry and Design

In the following, the flow test results of the additive-manu-
factured prototypes are presented and discussed. Besides the 
channel geometry, the influence of different seal materials 
and seal manufacturing is carried out. The channel width 
is changed from 15.00 mm to 2.50 mm for Prototype 1 to 
6. Besides the channel geometry, the seal and the design of 
the inlet into the flow cell were changed during prototyping.

Figure 5 A) shows an overview of the particular flow 
phenomena of the different prototypes with varying micro-
channel shapes and the influence of different seal materials 
and manufacturing and their effect on the flow.

Figure  5A) Prototype 1 shows backmixing and vortex 
formation, which needs to be prevented. Both phenom-
ena influence the droplets of an emulsion in the measure-
ment cell, probably resulting in changes in droplet shape 
and size. The channel in Prototype 2 is therefore narrowed, 
but the phenomena still occur. In Prototype 3, the channel 
inlet into the optical observation window was changed and 
instead of backmixing and vortex formation, flow detach-
ment took place. Since the flow detachment happens at the 
channel enlargement, the channel in Prototype 4 and Proto-
type 5 was designed much narrower (8.00 mm to 2.50 and 
3.00  mm). The flow characteristics of the two prototypes 
hardly differ. Prototype 5 was preferred for further inves-
tigation, because of the 0.5  mm wider channel geometry. 

Nikon Z6 system camera. The pump was set for different 
volumetric flow rates and initially pumped deionized water 
through the optical flow cell. For flow observation, ink from 
the syringe was added in short pulses to the process. Knowl-
edge of the flow regime is essential in flow monitoring. This 
is determined for the respective volumetric flow rates using 
the dimensionless Reynolds number Re. The Reynolds 
number is given by

Re =
u · ρ · dh

η
=

u · dh

µ
,� (2)

and is defined as a function of mean velocity u, density ρ of 
the continuous phase, hydraulic diameter dh, dynamic vis-
cosity µ and kinematic viscosity η, where viscosity depends 
on temperature. The hydraulic diameter dh depends on the 
cross-section of the channel and is defined for the smallest 
cross-section in the measurement cell, i.e. the observation 
window, by

dh =
4 · A

P
,� (3)

where A is the cross-sectional area and P the perimeter. For 
a straight tube, laminar flow exists for Re < 2300, and turbu-
lent flow exists for Re > 2300. The velocity u

u =
V̇

A
,� (4)

Fig. 5  (A) Images of flow test trials of the different Prototypes (1–6) 
showing the observation window. The flow direction is given by the 
arrow and is from left to right. The channel geometry was changed 
during prototyping with a special focus on the channel width and the 
flow behavior in the optical measurement flow cell for a mean flow 

velocity of 35.8 ·  10− 6 m·  s-1 at the inlet of the flow cell. During 
prototyping the material of the used seal was examined. The seal used 
in Prototype 1–5 is a silicone mat and in Prototype 6 a 3D printed seal 
is used. (B) Variation of the channel inlet including flow direction as a 
result of the prototyping during the execution of flow tests
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the designed prototype for emulsification processes. Here 
the requirements are evaluated using the resulting emulsion 
images and are evaluated using an AI-based image detection 
method.

The suitability of the modular optical measurement flow 
cell for emulsification processes is crucial for its final appli-
cation. The additively manufactured flow cell is based on a 
modular principle to enable flexible variation of the channel 
depth. When using a low channel depth, the transmission of 
light intensity through the emulsion is advantageous. The 
same flow rate for smaller cross-sections means higher flow 
velocity resulting in some disadvantages. On the one hand, 
a higher flow velocity implies an increased pressure drop as 
well as a shorter residence time within the optical measure-
ment flow cell. A higher velocity in the optical measurement 
flow cell minimizes the risk of coalescence; on the other 
hand, for faster droplets, a shorter exposure time or a high 
number of frames per second is required to capture sharp 
droplet images. Additionally, sufficient exposure is neces-
sary. Thus, the flow velocity is linked to a technical limit 
regarding the exposure of emulsion images without motion 
blur.

Dispersion experiments are performed to study the influ-
ence of different channel depths concerning image evalu-
ation as well as the resulting droplet size and droplet size 
distribution. Individual video sequences were recorded for 
single droplet detection and droplet size determination to 
evaluate the process progress using the optical measurement 

A wider channel geometry results in lower flow velocities 
at the same volumetric flow rates, less impact on the drop-
lets as well as in capturing droplets without motion blur. 
Both Prototypes (4 and 5) still show slight boundary layer 
separation, resulting in vortex-like dead zones at the inlet. 
Compared to Prototype 6, where the seal material and thus 
the manufacturing was changed, this slight boundary layer 
was further reduced. The uneven silicone seal geometry and 
the contact between the seal and the medium can influence 
the flow behavior. Despite its unfavorable wetting behavior, 
the seal for Prototype 6 was 3D printed and embedded in 
the flow cell frame. In this way, there is significantly less 
contact between the flow and the seal and thus the wetting 
behavior of the material has less influence. Further, the 
channel inlet was adapted to the channel geometry (from 
straight to angled), showing a positive effect on avoiding 
boundary layer separation. For illustration, the different 
channel inlets (LHS: inlet Prototype 1–5, RHS: inlet Proto-
type 6) are shown in Fig. 5B).

The cross-section of the modular optical measurement 
flow cell is adjustable between 0.25 and 1.5  mm and is 
achieved in the middle of the flow cell. There, the observa-
tion of the emulsion in the process is carried out.

Emulsification Process

The next step of the iterative workflow, illustrated in Fig. 6, 
focuses on the implementation and the functional test of 

Fig. 6  Schematic overview of the third iterative process step in prototyping for the development of an optical measurement flow cell; the iteration 
shows the implementation and optical parameters of the flow cell, lighting, and digital camera (entire system) during an emulsification process [16]
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Final Prototype - Optical Flow Cell

The final prototype of the total iterative process for develop-
ing the optimal design of an optical measurement flow cell, 
presented in Fig. S6, results in a modular design. An explo-
sion view of the modular, optical measurement flow cell is 
shown in Fig. 8a).

The entire optical flow cell consists of a 3D printed flow 
cell frame, seals on top and bottom of the frame, an adjust-
able channel depth, a FEP-covered (FEP film, SOOWAY) 
view glass, and a PLA frame at the top and bottom. The 
3D printed PLA frames provide mechanical strength and are 
used to connect the individual components. The measure-
ment flow cell frame defines the channel geometry of the 
optical flow cell as described in Sect.  3.2 and the fluidic 
connections (UNF 1/4–28 flat bottom) to the side stream. 
The frame is made of Clear resin to provide optical access. 
Although the material does not show non-wetting behav-
ior regarding the disperse phase, the material is used here. 
The first test regarding the coalescing of droplets, as can be 

flow cell for optical access. The total list of process param-
eters is listed in Table 2.

Suitability of Optical Flow Cell for Emulsification Process

As shown in Fig. 7, the dependence of the phase fraction of 
the disperse phase on the image quality and the clarity of 
the droplet edges is evident at constant channel depth. The 
phase fraction also influences the light transmission of the 
emulsion. An increasing number of droplets, which occurs 
with a higher amount of disperse phase, leads to a stronger 
deflection of the light and thus to an attenuation. A decrease 
in the lightning can be noticed for the same camera settings 
in a) to c). An adjustment of the exposure time as well as 
the ISO value, as already done for Fig. 7d), is feasible to 
counteract this effect. However, adjusting the ISO value and 
the shutter speed shows less clear droplet edges, also due 
to the increase in the volumetric phase fraction. A “sweet 
spot” needs to be found to avoid motion blur and image 
noise affecting the image quality.

Fig. 7  Microscopic images of emulsions with different content of dis-
perse phase captured in the optical measurement flow cell with a chan-
nel depth of 0.25 mm for (a) 1 vol.-%, (b) 5 vol.-%, (c) 10 vol.-%, 
and (d) 15 vol.-%. a)- d) showing the same point in time for the same 

process parameters (tprocess= 35 min, Udisperser = 5000 rpm) and light 
source. Camera settings for a)- c): ISO 1000 and shutter speed 1/1000 
s and for d) ISO 1000 and shutter speed 1/500 s
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is 3 mm at the observation window and the inlet features 
a cross-sectional change from a circular to a rectangular 
cross-section.

Feasibility Study

The optical measurement flow cell is applied for the opti-
cal evaluation of an emulsification process. The flow cell is 
evaluated based on the criteria established in Sect. 2.3 and is 
executed qualitatively concerning a potential single droplet 
evaluation based on the resulting images. First, the influ-
ence of the energy input and consequently of the resulting 
droplet size is investigated for a sunflower oil content of 
10 vol.-%. The channel depth of the optical measurement 
flow cell is the minimum adjustable depth of 0.25 mm. The 
process conditions, as well as the camera settings, are kept 
constant. Figure 9 shows example images captured in the 
optical measurement flow cell.

seen in Sect. 4, shows that the material selection does not 
affect the optical accessibility, and adhesion or coalescence 
of the droplets is not observed. The modular design is used 
to change only the dimensions of the channel depth adjust-
ment (Clear resin) to cover flexible, adapted dimensions of 
the flow-through within the observation window. Varying 
the dimension of the adjustable channel depth provides a 
change in the cross-section B-B as can be seen in Fig. 8b). 
The final channel depth of 0.25 mm shows promising results 
for the given use case. The channel depth adjustment is 
made of Clear resin, as the material must be translucent for 
the transmitted light method used here for droplet detection. 
Using an FEP-covered (0.15 mm thick) view glass (2 mm 
thick PMMA) for optical access forms the upper part of the 
optical measurement flow cell. Both, the FEP-covered view 
glass and the adjustable channel depth, are connected to the 
measurement cell frame using a 3D printed PLA frame at 
the top and bottom. To prevent leakage two 3D printed seals 
(Elastic 50A resin) are used. The final geometry of the opti-
cal flow cell is shown in Fig. 8b), too. The channel width 

Fig. 8  (a) Explosion view of the modular optical measurement flow cell. (b) Top view of the optical flow cell as well as a closer view of the channel 
inlet. A-A and B-B show two sectional views of the optical flow cell directly after the inlet and in the middle at the observation window
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droplets, respectively. The corresponding DSDs are shown 
in Fig. S9 in Supporting Information.

The optical measurement cell is used to analyze the drop-
let sizes of different emulsions. Investigating the influence 
of different channel depths at constant process conditions, as 
shown in Fig. 10, a lower channel depth shows an increase 
in brightness and contrast.

The reduced channel depth leads to better light transmis-
sion through the emulsion and thus a better edge imaging 
of the droplets. As shown in the corresponding histograms 
of the droplet size distributions, in Fig. 10b) a smaller num-
ber of droplets (112 to 491) are detected via the AI-based 
droplet detection. For both detections, the same configu-
rations and in particular the same confidence score of 0.6 
were applied. This confidence score allows the detection of 
a large number of smaller droplets but also increases the 
detection of larger droplets. Although the number of drop-
lets detected decreases with increasing channel depth (a) to 
b)), both histograms show a normal distribution. However, 
the class width and number decrease due to the reduced 
number of detected droplets in b), resulting in a distribution 

Comparing the same points in time for the different dis-
perser speeds, it is noticeable that the droplet edges are visu-
alized less clearly at higher energy input. While the edge 
detection of the droplets for the lower energy input (see 
Fig. 9a)) is clear for both process times. This is not the case 
in b). The contrast between the continuous phase and the 
disperse phase decreases with an increase in the number of 
droplets. With the same volumetric phase fraction of sun-
flower oil, but a higher energy input, more, smaller droplets 
are dispersed in the continuous phase. The refraction caused 
by the increase in the number of droplets leads to a reduc-
tion in the optical contrast between the two phases. For 
Udisperser= 5000  rpm, the contrast between the continuous 
phase and the disperse phase is high enough to recognize 
the edges of the individual droplets well. Using an AI-based 
droplet detection method [5] with a confidence score of 0.6, 
in (a) 259 (LHS) and 538 (RHS) droplets are detected. The 
higher energy input shown in b) leads to more and smaller 
droplets, which reduces the optical contrast and thus the 
edge detection. Overlapping of the individual droplets 
reduces the light transmission of the emulsion. The number 
of detected droplets in b) decreases to 155 and 68 detected 

Fig. 9  Microscopic images of emulsions captured in the optical mea-
surement flow cell with a channel depth of 0.25  mm for the same 
phase fraction of the disperse phase (10 vol.-%) and different disperser 
speeds. Images on the LHS, after tprocess= 2 min and images on the 

RHS after tprocess= 10  min; (a) Udisperser= 5000  rpm, (b) Udisperser= 
10,000  rpm. Camera settings for a): ISO 1000 and shutter speed 
1/1000 s and for b) ISO 1000 and shutter speed 1/400 s
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discussed, and adapted using rapid prototyping with SLA 
3D printing. This provides flexible design structures and 
resulted in an optimized optical measurement flow cell. At 
the observation window, the channel width of the optical 
measurement flow cell is 3 mm to have a wide inspection 
area. The inlet features a cross-sectional change from a cir-
cular to a rectangular cross-section for undisturbed observa-
tion. The final application of the prototypes during the last 
iteration step shows the suitability of the prototype for emul-
sion processes and concludes the successful optimization 
process in the measurement flow cell design. The modular 
design of the optical flow cell allows rapid adaptation of the 
observation area. Adjusting optical accessibility can widen 
the application window of the optical measurement flow 
cell related to a higher sunflower oil content or even smaller 
droplet sizes. In this work, the influence of different chan-
nel depths (0.25 to 1.50  mm), different volumetric phase 
fractions of the disperse phase as well as different disperser 
speeds are considered. A channel depth of 0.25 mm shows 
promising results for the investigated process parameters.

The optical measurement flow cell is successfully used 
for qualitative evaluation of emulsion images, and single 
droplet detection is performed after the emulsification pro-
cess is finished. Using optical access to an emulsification 
process provides the opportunity to use object detection 
methods for process monitoring, evaluation, and control. 
The resulting images are conceivable to train and optimize 
an algorithm to perform droplet detection as well as droplet 
size measurement. By including this analysis an automated 
process monitoring can be performed. Additionally, further 
adaption to other substance systems and industrial emul-
sion systems is conceivable to provide a broader application 
window for the presented optical measurement flow cell.

Abbreviations
AI	� Artificial Intelligence
CQA	� Critical Quality Attribute

with less statistical relevance and potentially not reflecting 
the droplet size distribution of the emulsion.

A drawback of a reduced channel depth is the flow veloc-
ity. For the same flow rate, a smaller cross-section results in 
higher flow velocities than a larger cross-section, making 
it difficult for the camera to detect droplets without motion 
blur. The exposure time must be adjusted for higher flow 
velocities. The faster the droplets pass the optical measure-
ment flow cell, the shorter the exposure time needs to be to 
capture the droplets sharply and in focus. However, there 
is a technical limit, as better exposure is required for faster 
shutter speeds. The technical limit is affected by the num-
ber and size of the droplets and the channel depth of the 
used optical measurement flow cell. The more and smaller 
the droplets in the optical measurement cell become for an 
increasing channel depth, the more light is refracted by the 
droplets. As a result, it is no longer sufficient to illuminate 
the image with a short exposure time.

Thus, the image quality is affected by the channel depth, 
which leads to the conclusion that an adaptation of the chan-
nel depth to the considered substance system is necessary. A 
channel depth of 0.25 mm shows the most promising results 
for the tested application window and for the presented sub-
stance system (see SI Sect. 9).

Conclusion and Outlook

Measuring the droplet size distribution in an emulsification 
process is important for its quality and efficiency. For this 
purpose, an optical measurement flow cell was designed and 
characterized based on an iterative optimization procedure 
including three key factors during prototyping. The mate-
rial choice was performed to avoid droplet adhesion at the 
flow cell. The measurement cell geometry with width and 
depth of the observation channel and the flow character-
istics within the measurement flow cell were considered, 

Fig. 10  Microscopic images of emulsions with the same phase fraction 
of the disperse phase (10 vol.-%) captured in the optical measurement 
flow cell with different channel depths, (a) 0.25 mm and (b) 1.00 mm, 
and the corresponding histogram of droplet size distribution. Both 

images show an emulsion proceeds with the same process and camera 
settings (Udisperser= 5000 rpm after tprocess= 35 min). The confidence 
score is set to 0.6 for AI-based droplet detection
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