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Abstract
This work evaluates the viability of xurography as a rapid fabrication tool for the development of ultra-low cost 

microfluidic technology for extreme Point-of-Care (POC) micromixing devices. By eschewing photolithographic 
processes and the bulkiness of pumping and enclosure system for rapid fabrication and passively driven operation, 
xurography is introduced as manufacture alternative for asymmetric split and recombine (ASAR) micromixers. A T-
micromixer design was used as a reference to assess different cutting conditions and materials on the geometric 
features of microdevices. Inspection with stereographic and confocal microscopy showed that it is possible to 
manufacture devices below 8 % of absolute dimensional error. Implementation of the manufacture methodology in a 
modified circular shaped based ASAR microdevices (balanced and unbalanced configurations) showed that, despite 
precision limitations of the xurographic process, it is possible to implement this methodology to produce functional 
micromixing devices. Mixing efficiency was evaluated numerically and experimentally at the outlet of the microdevices 
with performance up to 40 %. Overall, the assessment encourages further research with xurography for micromixers 
for POC devices.  
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1. Introduction
Around a decade ago the works of Bartholomeusz 

et al. and Treise et al. lead the groundwork of 
xurography as an innovative microfabrication technique 
[1], [2] . This equipment relies on removing material 
from thin films through a cutting blade controlled by 
commercially available systems that were originally 
intended for production of large advertisement. 
Simplicity and quickness in operation, without requiring 
special facilities for their operation (i.e. clean rooms or 
supplementary specialized laboratory equipment for 
photolithographic processing of materials) are 
advantages derived from the manufacturing 
technology. Incorporation of rapid fabrication 
technology for microfluidic devices is still an ongoing 
process to be consolidated. Many of the advances 
employing microfluidics are still limited to laboratory 
prototypes that require specialized staff and access to 
clean room equipment to operate.  For that reason, 
their application is still unavailable for developing 
countries. The most widely approach for 
microfabrication so far has been silicon micromolding 
which relies on the fabrication of structures through
photolithographic processes [3].Conventionally this 
implies multiple operation procedures that require 
supervision by specialized personnel under laboratory 
facilities, with specialized equipment for the 
development of thin structures with resolutions of a few 
micrometers. 

Compared to other emerging low-cost benchtop 
technologies like 3D printers or laser cutters, 
xurography and lamination of thin films remain as an 
attractive alternative for POC environment considering 
the communication restrictions. Thin-film materials in 
rolls or sheets can be transported more easily than 
liquid based reagents like PDMS (polydimethylsiloxane)
or resins used for additive manufacturing process in 
stereolithographic processes. Moreover, these 
materials are restricted by expiring dates and stocking 
and transportation requirements. 

Fig. 1. Xurography and lamination process.

One of the desirable operations that a POC device
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must perform is micromixing because it can play a 
significant role when the characteristic time scale of a 
reaction involved has the same magnitude or smaller 
than the time scale of the mixing process [4]. 
Micromixers are a component of microfluidic systems 
that can be used for the homogenization of sample 
reagents. Passive micromixers do not require any 
external energy source and mix the fluids by a special 
geometry that creates a flow field. By means of 
splitting, stretching, folding and breaking the flow can 
lead to a mixing process with an exponential decay of 
the characteristic length over which diffusion act [5]. 

The simplest passive micromixer is the T-mixer 
where two separate fluids are brought into contact from 
opposite directions and then leave through a channel 
that is perpendicular to the inlet channels [6]. However 
mixing occurs only proximate to the junction, the flow in 
a straight channel becomes later into laminar flow. 

Passive micromixers that draws upon three-
dimensional features along the flow chamber to create 
secondary flows like the slanted grooved micromixer 
(SGM) or the staggered herringbone micromixer (SHM) 
have some manufacture and performance limitations; 
the three-dimensional features tend to require complex 
microfabrication methods; fluidic resistance and hence 
pressure requirements for pumping system tend to 
increase within these complex geometries. 

 Recent research had employed the principle of T-
mixer by splitting and recombining streams iteratively 
with more complex geometry as rhombic [7]–[9], 
modified Tesla[10], [11] or curve shaped based setups 
[12]–[14].Split and recombination micromixers (SAR or 
ASAR for asymmetric based designs) rely on 
accelerating the diffusive transport process by 
interlayering repeatedly multiple parallel fluid streams 
and increasing the interfacial area.  

 
2. Materials and methods 
 
2.1. Rapid fabrication assessment 
 
Table 1 
Cutting conditions assessment for a xurography based  
rapid fabrication technique 

 
To assess the impact of the cutting parameters on 

the dimensional variability of the microchannels, we 
considered two different cutting loads and two different 
cutting passes settings in an experimental array with 
three replicates for each setup (Table 1and Figure 2a). 
These setup values were selected following previous 

literature and preliminary patterning and cutting 
experimentation. Figures 2b describe the design where 
the main channel with a fixed width (w) is split into two 
sub-channels (w1 and w2) and then recombined after a 
certain distance. Two types of splitting and merging 
micromixers were manufactured: a balanced collision 
case whereas the sub-channels had the same width 
(Figure 2b; w1=w2=750 μm) and an unbalanced 
collision setup (Figure 2c; w1=250μm, w2=625 μm). 
Axial length from the input (L0) was set to 1250 μm for 
a six segment splitting and recombination setup.

A Graphtec CE5000-60 (Graphtec America) high 
precision cutting plotter was used to fabricate the 
different layers of the microdevices. Standard 
commercial Arlon vinyl sheets were used for the 
manufacturing. Commercial acetate sheets 
transparency foils were used to pattern intermediate 
layer (Layer 2; 21.59 × 27.94 cm). The thickness of the 
acetate sheets was found to be variable among the 
stock and was examined using confocal microscopy 
prior experimentation. Devices were sealed using a 
CalPlus 5000 transparent polymeric film (Layer 3). 
Transfer paper (Transferite) was used to hold the 
patterned layer temporarily. Tweezers were used to 
remove the spare vinyl film. Commercial acrylic glass 
sheets (Plaskolite: 50 × 50 × 2.5 mm) were manually 
divided into square substrates using an acrylic cutting 
tool.  
 

 
Fig. 2.  T-micromixer and  ASAR (assymetric split and 

recombine) geometrical parameters. 

 
2.3. Micromixer testing 
 
 Distilled water and food colorants were used for 

visual inspection. The blue dye was composed of 
water, glycerin and corn syrup.  The red dye was 
composed of monopropylene glycol and artificial 
colors. Microdevice characterization was carried out 
with a SV6 stereoscopic microscope (Zeiss 

 

Setup 

Channel 
width 

wnom 

(μm) 

Wall 

width 

wwall 

(μm) 

Cutting 
load 

fload 

(N) 

Cutting
passes

N 

Materi
al 

depth 

dnom 

(μm) 

I 750 500 0.8 2 75 
II 750 500 1.0 1 75 
II 750 500 1.0 1 50 
IV 750 500 0.8 2 50 
V 200 500 0.8 2 75 
VI 200 500 1.0 1 75 
VII 200 500 0.8 2 50 
VIII 200 500 1.0 2 50 
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Microscopy) to measure the microchannel features 
(see Table 2). A confocal microscope Axio CSM 700 
(Zeiss Microscopy) was employed to determine the 
depth of the microdevices during the different steps of 
the lamination process.  

To quantify the mixing behavior, the variance of the 
liquid species in the micromixer (σ) was calculated. The 
variance of the species was determined at cross-
sectional area at the output of the micromixer 
perpendicular to the x-axis. To evaluate the degree of 
mixing, the variance of the mass fraction of the mixture 
in a cross-section (σ) that is normal to the flow direction 
is defined as follows: 

 

                                                (1) 
 

Where N is the number of sampling points inside 
the cross section, ci is the mass fraction at the 
sampling point I, and cm is the optimal mixing mass 
fraction, which is 0.5 at any cross-sectional plane (ideal 
mixing). To quantitatively analyze the numerical mixing 
performance of the micromixer, the mixing index (Mn) 
at a cross-sectional plane is defined as: 

 

                                                (2) 
 

where the mixing efficiency (ranges from 0.00 (0% 
mixing) to 1.00 (100 % mixing). The maximum variance 
σmax represent a completely unmixed condition. These 
values were evaluated from the planes defined at the 
output of each of the micromixer setups.  
 
 

2.2. CFD analysis 
The flow and mixing in the micromixer were numerically 
analyzed by solving three-dimensional continuity and 
Navier-Stokes equations. Comsol Multiphysics 4.3b 
modules were employed, specifically the Laminar Flow 
and the Diffusivity of Target Species modules. The flow 
was assumed at steady state and incompressible. 
 Parameters were set considering water properties as 
follows; density (ρ) was considered in 9.998 x 102 kg∙m-

3 and the dynamic viscosity (σ) in 1.01 x 10-3 kg∙m-1∙s-1 
according to temperature conditions at 20 °C [22]. 
Concentration was set to 1 mol/m3 at the upper inlet to 
evaluate the degree of mixing the while the other was 
set to zero. Concentration was assessed along the 
cross-section of the channel and at the output. 
Volumetric flow rates were equal for both inlets and 
varied for evaluating the performance of the micromixer 
under different Reynolds numbers. Since the diffusivity 
properties of the food dyes were not available from the 
device, their properties were estimated from the values 
reported in the literature from for their principal 
components (monopropylen glycol for the red dye and 
water for the blue dye).  Hence, the diffusion coefficient 
of the liquid introduced at the superior inlet (Dc) was 
considered 1.24x10-9 m2∙s-1. 
For evaluation of the mixing eficciency at the output of 
the micromixer, cross-sectional planes were defined 
and evaluated within regular point grids along the 
output channel starting at the Lm length and 
subsequently every 500 μm up to 4500 μm.  
 

3.  Results and Discussion 
 
Figure 3a and 3b shows an example of a device and 
dimensions for a device correspondingly. Meanwhile 
From the cutting assessment data, we found that 
compensation in the cutting references enabled 
patterning the small channel within similar results as 
the bigger microchannel. For each particular design the 
error evaluation must be done considering the effect of 
a potential effect of a particular dimension deviation, for 
instance, major deviations in ra, rb, and rc could result in 
incompatibility for interfacing the microdevice with 
tubing. Among the assessed conditions, setup VI (see 
Figure 3c) showed the overall better performance by 
performing single cutting over the thicker blue material 
using the higher available cutting load in the plotter 
(fload=1 N). Hence, these settings were selected for the 
development of the balanced unbalanced split 
micromixers. Fabrication of single device could be 
implemented from scratch to assembly within an hour.  
 

 
Fig. 3.  T-micromixer; (a) Photography; (b) Confocal 

microscopy characterization; (c) Absolute dimensional error 
Et (%) vs cutting setup.  

Figure 4a and Figure 4b illustrate the mixing 
performance of the microfluidic devices developed 
using the methodology presented in this article for the 
balanced and unbalanced charges setups respectively. 
Numerical (Figure 4a and 4b) and experimental 
implementation (Figure 4c) showed that mixing 
performance was consistently better for the unbalanced 
setup.  
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Fig. 4. Micromixer; (a) Split and recombine micromixing 
for balanced and unbalanced cases numerical 
simulation; (b) Mixing efficiency (Mn) for balanced (red) 
and unbalanced (blue) cases; (c) Micromixing 
performance experimental validation photography.  
 
Numerical estimation of the mixing efficiency showed 
that mixing efficiency around 40 % (Figure 4b) could be 
reached at the output of the microchannel for the 
unbalanced case. Discrepances between the mixing 
performance between unbalanced and balanced 
setups was confirmed by experimental data (Figure 
4c).   
 
4.  Conclusions 
 
Xurography without the assistance of complimentary 
specialized equipment or facilities is suitable for 
manufacturing microfluidic devices within absolute 
average dimensional errors below 8 %. 
Patterning of a materials employing a cutting plotter 
should consider the effects of the blade (rake angle 
and wear), material properties and machine setup 
parameters. It is possible to tune the cutting 
performance employing the cutting load (fn) and 
number of passes (N).Furthermore, compensation of 
key features dimensions provided significant 
improvements in the design quality. 
 Xurography provides an alternative manufacture 
method for disposable devices. Further quantitative 
characterization in the mixing performance of passively 
driven micromixer could bring more insights towards 
POC technology.   
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