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a  b  s  t  r  a  c  t

The  generation  of  concentration  gradients  is  an  essential  operation  for several  analytical  processes  imple-
mented  on  microfluidic  paper-based  analytical  devices.  The  dynamic  gradient  formation  is based  on the
transverse  dispersion  of  chemical  species  across  co-flowing  streams.  In paper  channels,  this  transverse
flux of molecules  is  dominated  by  mechanical  dispersion,  which  is substantially  different  than  molecular
diffusion,  which  is the  mechanism  acting  in conventional  microchannels.  Therefore,  the  design  of gradient
generators  on  paper  requires  strategies  different  from  those  used  in traditional  microfluidics.  This  work
considers the  foundations  of transverse  dispersion  in  porous  substrates  to investigate  the optimal  design
of  microfluidic  paper-based  concentration  gradient  generators  (�PGGs)  by  computer  simulations.  A set
of novel  and versatile  �PGGs  were  designed  in the  format  of  numerical  prototypes,  and  virtual  exper-
olute transport iments  were  run  to  explore  the  ranges  of  operation  and the  overall  performance  of  such  devices.  Then
physical  prototypes  were  fabricated  and  experimentally  tested  in  our lab.  Finally,  some  basic  rules for
the  design  of optimized  �PGGs  are  proposed.  Apart  from  improving  the  efficiency  of  mixers,  diluters  and
�PGGs,  the results  of  this  investigation  are  relevant  to  attain  highly  controlled  concentration  fields  on
paper-based  devices.

© 2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

Microfluidic paper-based analytical devices (�PADs) is nowa-
ays a well established technology, as demonstrated in different
opical review papers [1–4]. Nevertheless, several aspects related to
ransport of species in the porous substrate are still to be improved
o reach higher levels of efficiency. For example, the amount of ana-
yte effectively transported by the flow and the details of sample
istribution in complex geometries are central issues for analytical
perations implemented on �PADs [5]. In particular, the genera-
ion of concentration gradients is a key operation in microfluidic
latforms for drug discovery, bacterial growth, cell culture, and
Please cite this article in press as: F. Schaumburg, et al., Design keys fo
A (2018), https://doi.org/10.1016/j.chroma.2018.05.040

hemotaxis studies [6]. Actually, several of these procedures are
eing implemented on �PADs [7–10]. However, scientific reports
n the generation of concentration gradients on paper are still a
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few: the conventional tree-like network [11], co-flow in Y-shaped
channel [12], and multiple co-flows in a wide single channel [13], to
the best of our knowledge. Closely related works are those dealing
with mixing operations [14,15], where the transverse dispersion of
species is also involved. In this context, the design of effective and
versatile microfluidic paper-based gradient generators (�PGGs)
deserves further investigation, and this is precisely the goal of the
present work.

A central aspect here is that solute dispersion in porous media
is mostly due to mechanical dispersion, a mechanism inherent to
the random character of the pore network [16]. Although this effect
is well documented in the literature related to transport in porous
media [17,18], the subject has not been considered in the field of
paper-based microfluidics until a topical work [19], where we  have
discussed the physical basis of transverse solute dispersion in fil-
ter paper by theory and experiments. The outcome of this study
is essential for the accurate design of operations requiring precise
spatial distribution of analytes or reactants, notably the generation
of concentration gradients. To put this knowledge in perspective, it
r paper-based concentration gradient generators, J. Chromatogr.

is worth to briefly review the conventional methods.
Microfluidics gradient generators fabricated with conventional

microchannels may  be divided in two  main categories: statics and
dynamics. In the first case, the concentration gradient is gener-
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ted in a chamber with stagnant flow, which is constantly feed
ith fresh reactants from opposite side ports, so that controlled

iffusion-based gradients are achieved, including sophisticated
patio-temporal distributions [20–22]. Dynamic generators also
ely on molecular diffusion, though in this case the species diffuse
cross parallel flow streams with different initial concentrations,
hus a concentration gradient orthogonal to the flow is formed
t a certain downstream distance [23,24]. Further, this transverse
ixing taking place after T- or Y-shaped junctures is the elemen-

ary process used to generate gradients at larger scales by using
icrochannel networks, such as the tree format for linear gradi-

nts [25,26], or asymmetric configurations for non-linear gradients
27,28] and serial dilutions [29,30].

In the gradient generators mentioned above, a balance between
iffusive and advective transports has to be found to optimize
ixing performance. Thus, the design is constrained by the molec-

lar diffusivity of species, the desired flow rate, and microchannel
ength. In contrast, the underlying mechanism of transverse dis-
ersion in paper is substantially different, since it is dominated
y mechanical dispersion in the pore space. More precisely, the
radient formation is independent on fluid velocity and fully deter-
ined by the paper microstructure [19]. This information reveals

hat the design of �PGGs requires strategies different from those
sed for conventional microchannels. Indeed, a change of paradigm

s envisioned for the rationalization of gradient generators in paper-
ased devices [13]. The present work investigates the problem by
umerical simulations based on the appropriate theory for species
ransport in porous media. A set of novel, versatile, and easy-to-
uild �PGGs were designed in the form of numerical prototypes.
fter running virtual experiments, physical prototypes were con-
tructed and tested to prove the concepts. Finally, some basic rules
o be considered for the design of effective and optimized �PGGs
re proposed.

. Numerical simulations

.1. Theoretical background

This section briefly discusses the physical basis of the model and
he main equations used to solve the transport of species in paper
ubstrates. Firstly, the capillary-driven fluid dynamics is solved
y using an effective medium approach, as recently reported for
itrocellulose and similar porous substrates [31]; further explana-
ions are given next in Section 2.2. A macroscopic velocity field u is
btained, which is defined by fluid viscosity, porosity, permeabil-

ty, and the geometrical boundaries of the fluid domain. Coupled to
his velocity field, the macroscopic species concentration field (that
lready considers the local porosity) C is governed by the following
quation:

∂C
∂t

= ∇ · J (1)

here the J is the total mass flux for the species. For weakly con-
entrated species in the porous matrix, J is introduced as the linear
uperposition of advective, diffusive and mechanical-dispersive
ransport mechanisms, respectively [32,33],

 = uC − D0∇C − s|u|∇C (2)

here D0 is the molecular diffusion coefficient and s is the disper-
ivity constant, which represents a characteristic dimension of the
ber network microstructure. The last term in Eq. (2) is character-

stic of porous media, where the alternating variation of pore-level
Please cite this article in press as: F. Schaumburg, et al., Design keys fo
A (2018), https://doi.org/10.1016/j.chroma.2018.05.040

uid velocity, in both magnitude and direction, produces a mechan-
cal dispersion. This mechanism is normally characterized by a

echanical dispersion coefficient Dm, which can be differentiated
n the longitudinal, Dm,L = sLuL, and transverse Dm,T = sTuL, directions
 PRESS
ogr. A xxx (2018) xxx–xxx

[16–18]. In these expressions, sL and sT are the dispersivities in the
longitudinal and transverse directions, respectively, and uL is the
average fluid velocity in the longitudinal direction of the flow. It is
known that sL is larger than sT, however, as this work is focused on
�PGGs, where the solute dispersion transverse to the flow is the
main concern for the design, the isotropic formulation s|u| ∇ C is
considered to be adequate, and hereafter we use s = sT. This coeffi-
cient was measured to be s = 30 �m for the transverse dispersion of
solutes in Whatman grade 1 filter paper [19]. It is worth noting that,
for the typical fluid velocities developed in paper-based microflu-
idics, s|u| � D0, thus transverse solute dispersion is predominantly
driven by the mechanical process. Molecular diffusion contributes
to the total dispersion when fluid velocity decreases up to the criti-
cal value |u|c = D0/s. Of course, if |u| → 0, there is no advection in the
pore space, and molecular diffusion is the only active mechanism.

In order to gain more insight on the problem, following we intro-
duce an analytical solution of Eq. (1) for steady 1D flows, which was
already studied in [19] and will be also used next for model vali-
dation. The flow domain for this basic problem is schematically
shown in Fig. 1a: it represents a porous substrate with co-flowing
streams of average velocity uy, one of them transporting a given
species of initial concentration C0. For constant uy, this problem
is equivalent to that with stagnant flow and molecular diffusion
in the x-direction, considering that the time-evolution of C(x, t)
is observed at each transect y = uyt along the flow path. Then the
concentration profile C(x, y) is governed by,

uy

(
∂C
∂y

)
= D

(
∂2
C

∂x2

)
(3)

which derives form Eq. (1) via the change of variable t = y/uy and
a generic coefficient D that condenses diffusive and dispersive
effects. Besides, in flow conditions where molecular diffusion is
negligible compared to mechanical dispersion, the coefficient can
be included directly as D = suy, and the governing equation results,

∂C
∂y

= s

(
∂2
C

∂x2

)
. (4)

Given the boundary conditions [C(x → − ∞)  = C0, C(x → ∞)  =0]
for the problem stated, the solution of Eq. (4) is [34],

C(x, y)
C0

= 1
2
erfc

[
x

2(sy)1/2

]
(5)

It is worth noting that the concentration field predicted by
Eq. (5) becomes independent of the fluid velocity field. Therefore,
three relevant corollaries emerge from Eq. (5): (i) the dispersion
width �x = (sy)1/2 is independent of fluid velocity and species char-
acteristics, (ii) the gradient formation is fully determined by the
dispersivity s (paper microstructure), and (iii) the transverse solute
dispersion is several times larger than the one expected for molec-
ular diffusion.

Concerning the range of validity of this modeling, it should be
mentioned that for capillary-driven flows in uniform strips, uy = c/y,
where c is the dynamic coefficient that characterizes each paper
substrate [35]. Thus the hypothesis of dominant mechanical dis-
persion is satisfied at distances shorter than yc = cs/D0. For aqueous
solutions in Whatman 1 paper, this critical distance is around 1 m,
which means that Eqs. (4 and 5) are fairly valid in paper-based
microfluidics. The flow regimes can be also characterized by the
Peclet number, which is defined at the pore level as Pe = suy/D0
r paper-based concentration gradient generators, J. Chromatogr.

[16,17]. In this context, mechanical dispersion prevails over dif-
fusion when Pe »1, which is largely the case for Whatman 1 filter
paper [19]. These concepts will be used along this work to generate
the design rules for �PPGs summarized in the conclusions.

https://doi.org/10.1016/j.chroma.2018.05.040
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ig. 1. Numerical model validation. (a) Problem statement: paper strip dimensions, i
ransverse distance, at the test position y = 3.5 cm indicated in Fig. 1a. Curves are the a
c)  Idem in (b) for s = 1 �m and s = 10 �m.

.2. Methodology

Fluid dynamic and mass transfer problems in the porous
atrix are described by continuum transport equations. The model

nvolves volume-averaged variables by using the concept of ele-
entary representative volume (see, for example, [36]). More

recisely, the fluid velocity is computed on a characteristic length
hat is defined on an intermediate scale, much larger than the pore
ize, but smaller than the analysis domain considered, avoiding to
escribe the local flow through the intricate pore space. It is rel-
vant to note that the mechanical dispersion, which intrinsically
epends on splitting and combinations at the pore level, is also
omputed here as a macroscopic effect expressed in terms of the
veraged fluid velocity (Eq. (2)).

The flow is also assumed to be pseudo-stationary and free of
nertia, in agreement with the extremely low local Reynolds num-
ers. The system is considered to be under isothermal conditions
nd with controlled humidity level. Gravity is ignored in the anal-
sis taking into account that the Bond number is negligible. With
hese assumptions, mass conservation equation for incompressible
uids can be coupled to Darcy’s law [35],

∇ · (�u) = 0

u = − �

��
∇p (6)

here � is the paper permeability, � is the fluid viscosity, � the
orosity and ∇p is the pressure gradient. These expressions can be
ombined and used for calculating the pressure field,

∇ · (�∇p) = 0

p = 0 at �s
(7)

p = pLap at �f
∇p · n = 0 at �Wall

(8)

Eqs. (7) and (8) are the boundary conditions at the fluid source
Please cite this article in press as: F. Schaumburg, et al., Design keys fo
A (2018), https://doi.org/10.1016/j.chroma.2018.05.040

nd front, respectively. In the problems solved in this work, �s

oincides with fluid inlets where (for simplicity) the pressure can
e fixed to zero, and �f coincides with fluid outlets, where pLap is
he Laplace capillary pressure [31]. Also, n is a vector normal to
oncentration, and fluid velocity direction. (b) Relative concentration as a function of
cal solution (Eq. (5)) and numerical prediction for uy = 0.01 ms−1 and uy = 0.001 ms−1.

the �Wall boundaries. Once the p is calculated, velocity field can be
obtained directly from Eq. (6), where � = 7.5 × 10−16 m2 and � = 0.68
were used. Then the concentration field is calculated by combining
Eqs. (1 and 2), which gives the following boundary value problem,

∂C
∂t

= ∇ · (uC − D0∇C − s|u|∇C)

C = C0 at �inlet

∇C · n = 0 at �outlet and �wall

where C0 is a concentration distribution. In all calculations,
C0 = 40 × 10−6M and D0 = 6.5 × 10−10 m2 s−1 were considered.

The simulation scheme involves the iterative calculations for the
coupled fields of pressure, fluid velocity, and species concentration.
A detailed description of this numerical tool and coefficients and
parameter values representing fluid properties can be found else-
where [31]. A novel contribution here is the computation of the
mass flux from Eq. (2), which involves additional coupling between
the velocity and concentration fields related to the mechanical dis-
persion.

Computer simulations were performed with the Finite Ele-
ment Method by using the program PETSc–FEM [37] in a Python
environment. Mesh details are summarized in Table S1 in the
supplementary material, for each particular case. Also in the sup-
plementary material, Section S1 shows that results are independent
of mesh density. For the solution of fluid flow, the Conjugate
Gradient method preconditioned with Boomer algebraic multigrid
algorithm was used. Regarding transport equation solution, the
Generalized Minimal Residual method was used with an Additive
Schwarz decomposition algorithm with five layer overlapping with
incomplete LU preconditioning. In both cases, nonlinear conver-
r paper-based concentration gradient generators, J. Chromatogr.

gence tolerance was  set to 10−9. The hardware employed was  a
desktop computer with a single quad-core Intel i7 7700 3.6 GHz
processor and 16 GB DDR3–2400 memory. In every case, 4 calcula-
tion threads were used.

https://doi.org/10.1016/j.chroma.2018.05.040
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.3. Validation

Computer simulations were verified against the prediction of
q. (5) for 1D flow domains. It is relevant to point out that this
nalytical solution had been validated against experiments in our
revious work [19]. Therefore, crosschecking the simulations with
he analytical solution also constitutes a validation of the numeri-
al model. Effectively, the computer simulations were compared to
he prediction of Eq. (5) for the straightforward system schema-
ized in Fig. 1a. The following boundary conditions were used:
C(−w ≤ x ≤ 0, y = 0) = C0, C(0 < x ≤ w, y = 0) = 0, ∂C

∂x
(x = −w) =

, ∂C
∂x

(x = w)  = 0]. The results are plotted in Fig. 1b–c, together with
he prediction of Eq. (5). In Fig. 1b, different values of uy were used
o check if numerical solutions predict a dispersion width indepen-
ent of fluid velocity. In Fig. 1c, different values of s were used to
nalyze the response of the model to this parameter. In all cases,
he numerical model satisfactorily predicts the expected behavior.
hese calculations also serve as the starting point for discussions

n Section 3.

. Gradient generation: the elementary process

The 1D problem discussed above is the simplest way to form
oncentration gradients in paper. Here, a 2D domain is consid-
red in order to include the inlet ports for the fluids. A standard
-shaped juncture was chosen for calculations, as shown in Fig. 2a.
ig. 2b presents the predicted concentration profiles, where curves
orrespond to transects at different downstream distances (indi-
ated in Fig. 2a). It is observed that the step-like function formed
mmediately after the Y-juncture evolves into a less slanted and

ore linear profile along the flow path, and reaches a flat pro-
le for sufficiently long channels. This limit is useful for mixers,
s perfect mixing of interdiffusing species can be achieved, how-
ver it is pernicious for the formation of a concentration gradient, as
he dynamic range (DR) is minimum, being DR = CMAX − CMIN, where
MAX and CMIN are the maximum and minimum concentration val-
es respectively. Thus, a trade-off between linearity and DR must
e reached. In Fig. 2a, for example at y = 1mm,  the concentration
radient is fairly linear and DR is about 0.75C0.

Here, the channel width deserves special considerations. The
rgument of erfc function in Eq. (5), � = x/(2(sy)1/2), defines the
esired species concentration at a downstream position x, y. There-

ore, the strip length (y = l) required to attain a gradient expanding
he channel width (x = w) obeys to:

 = w2

4�2s
(9)

It is evident from Eq. (9) that, by decreasing w, the desired gra-
ient can be formed in a shorter channel. This is a consequence
f the fact that the dispersion width �x = (sy)1/2 is independent of
uid velocity. And the overall result is that the gradient formation is
uch more efficient in paper-based devices than in conventional
icrochannels: the mechanical dispersion forms the gradient in

elatively short distances, given the same channel width and flow
ate. Furthermore, the length of a conventional open microchannel
as to be suy/D0 times larger than the paper channel to attain the
ame solute dispersion (see [19] for further details).

. Gradient amplification

.1. Straight outlet
Please cite this article in press as: F. Schaumburg, et al., Design keys fo
A (2018), https://doi.org/10.1016/j.chroma.2018.05.040

It was demonstrated above that a concentration gradient can be
eadily formed in a single channel. The gradient can be naturally lin-
ar with the desired DR.  It was also shown that the channel needs to
 PRESS
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be thin, in order to achieve the required gradient in a downstream
distance as short as possible, hence decreasing the overall size of
the device. Nevertheless, the drawback of small width channels is
that the outlet may  become unpractical to supply the generated
gradient to subsequent chemical or biological operations. An inter-
esting proposal to circumvent this problem has been reported in
a recent work [13], where multiple inlets with different concen-
trations were used to attain a wider channel with uniform section.
As an advantageous alternative, here we  propose to amplify the
gradient formed in the Y-shaped channel simply by opening the
flow domain as a diffuser. In this section we  discuss how the spa-
tial range of the gradient can be expanded while maintaining the
concentration profile.

The first aspect to consider is the geometrical constraint
required to maintain the formed concentration gradient, being the
opening angle the most important variable to assess. For example, if
a 1 cm wide outlet is required, the original gradient width (1 mm)
needs a 10 times amplification, and the channel length will be a
function of the opening angle. This is shown in Fig. 3a where the
resulting analyte concentration profiles are shown for four devices
with angles ranging from 10◦ to 45◦. In particular the concentra-
tion at each outlet is plotted in Fig. 3b, where it can be seen how
DR increases with the opening angle. This is because, for the same
outlet width, the traveled distance is shorter for larger angles. The
DR obtained for each device at different distances from the expan-
sion onset are shown in Fig. 3c. It is observed that DR decreases
with downstream distance (due to mechanical dispersion) and the
curves reach an asymptotic behavior after a certain distance. To
explain this, it should be recalled that s = �2

x /	y, where �x is the
dispersion width in the x-direction when the fluid travels a dis-
tance 	y  in the y-direction [19]. Besides, the expansion angle is

 ̨ = arctan(	x/	y) where 	x  is the maximum distance covered in
the x-direction due to the geometrical expansion in the diffuser.
Then, if an equilibrium between dispersion and expansion is con-
sidered, i.e. �x = 	x, for a small value of ˛, the following relation is
obtained,

	yc = s

tg2˛
(10)

where the subindex c indicates that 	yc is a critical distance. When
	y 	 	yc the mechanical dispersion generates a DR loss in the con-
centration distribution. In contrast, when 	y  � 	yc the dispersion
width is shorter than the separation among streamlines in the x-
direction caused by the expansion of the flow domain, which leads
to constant concentration in the device borders for any 	y. This
last situation suggests the possibility to cool-down the concentra-
tion profile. According to Eq. (9), if  ̨ = 0◦ (such as in Fig. 2), then
	yc → ∞,  meaning that the cooling-down effect is never reached.
If  ̨ = 45◦ then 	yc = s, and the DR is preserved, since the critical
distance is on the order of s, which spans in the micrometer scale
[19].

The second aspect to consider is the variation of the fluid front
profile after the expansion. In fact, mass conservation transforms its
initially straight profile into an elliptical one, as observed in Fig. 4a,
for an arbitrary angle. Nevertheless, Fig. 4b shows that the concen-
tration profile taken over the elliptical front practically coincides
with those taken over straight transects at similar distances. Actu-
ally, once that 	yc is reached, the concentrations in the diffuser
borders assume constant values (CMAX and CMIN respectively) and
thus, as the C-field is continuous, practically any concentration pro-
file in the [CMIN, CMAX] range can be obtained if the proper cut line
is found. As an example, the bilinear black-dotted cut line in Fig. 4a
r paper-based concentration gradient generators, J. Chromatogr.

produces a linear-like concentration, as plotted in Fig. 4b. This result
suggests that different geometrical shapes can be used at the out-
let. This information is relevant for design purposes and will be
exploited next in Section 4.2.

https://doi.org/10.1016/j.chroma.2018.05.040
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Fig. 2. Concentration gradient profiles in a paper strip. (a) Concentration profiles of co-flowing streams in a Y-shaped paper-based device with |u| = 0.0002 ms−1. (b)
Concentration as a function of transverse distance at different positions 	y along the flow path.

Fig. 3. Amplification of concentration gradients: opening angles. (a) Concentration profiles obtained in diffusers with angles between 10 and 45◦ . (b) Concentration as a
function of transverse distance at the outlet of each diffuser. (c) DR as a function of the downstream distance for each diffuser.

Fig. 4. Amplification of concentration gradients: outlet contours. (a) Different cut lines considered in the diffuser. (b) Concentration as a function of transverse distance on
different  cut lines, the contour lengths of which were self-normalized for better comparison.

https://doi.org/10.1016/j.chroma.2018.05.040
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Fig. 5. Ellipsoidal outlet gradient generator. (a) Concentration distribution obtained by numerical simulations. (b) Concentration as a function of the transverse distance
along  the ellipsis defined in a). (c) Different time steps during the filling process of the paper device, where the red claret color denotes the instantaneous fluid front. (For
interpretation of the references to color in this figure legend, the reader is referred to the web  version of this article.)
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ig. 6. Bilinear outlet gradient generator. (a) Concentration distribution obtained b
ime  steps during the filling process of the paper device, where the red claret color d
gure  legend, the reader is referred to the web  version of this article.)

.2. Custom outlet

The facts learned in section 4.1 can be seized to design improved
PGGs. On the one hand, the concentration profiles along lin-
ar cut lines such as the ones shown in Fig. 4a, are formed by
treamlines of different lengths, i.e. shorter in the middle and
onger in the extremes. As a consequence, the original gradient
s slightly distorted. On the other hand, high  ̨ values slow down
he solute dilution produced by transverse dispersion. Consider-
ng these issues, a new device can be thought in which the outlets
re placed along an ellipse defined such that all streamlines have
Please cite this article in press as: F. Schaumburg, et al., Design keys fo
A (2018), https://doi.org/10.1016/j.chroma.2018.05.040

he same length. A diffuser with  ̨ = 90◦ can be used to cool-down
he concentration profile in a short distance, and simultaneously,
o amplify the concentration gradient, making it more practical to
erical simulations. (b) Average concentration in the discrete outlets. (c) Different
s the instantaneous fluid front. (For interpretation of the references to color in this

handle. Furthermore, the outlets could be continuous,  i.e. the border
of the diffuser, or discrete, if different outlet arms are allowed after
the diffuser. The complete �PGG was designed and modeled (Fig. 5).
In particular, it is interesting to note that the concentration profiles
obtained along different ellipses match perfectly, proving that the
concentration profile can be effectively cooled-down (Fig. 5b).

Additionally, the distortion caused by streamlines of different
lengths, could be exploited to customize the concentration pro-
file in the outlets. For example, in Fig. 4, the bilinear cut line that
results in a linear-like gradient could be used as an outlet pattern,
where discrete outlets can be also included. The afore described
r paper-based concentration gradient generators, J. Chromatogr.

�PGG was  designed and modeled and its operation is condensed in
Fig. 6. It is worth noting that a conventional microchannel gradient
generators with radially distributed outlets has been reported [23].

https://doi.org/10.1016/j.chroma.2018.05.040
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Fig. 7. Ellipsoidal outlet gradient generator: experimental control. (a) Picture of the real device; the outer fluid front is the prior wetting with pure water, the second front
denotes the dye distribution after transverse dispersion in the flow domain. (b) Experimental concentration distribution along ellipse 1 (E1 shown in 7a),where the dashed
line  is the numerical prediction for the same system. (c) Experimental concentration profiles obtained at E0 and along the concentric ellipses shown in Fig. 7a). Such profiles
are  represented by uncertainty bands (±1SD).
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ig. 8. In-plane tree format gradient generator. (a) Device dimensions and ports are 

orming the elementary structure and the operations performed in each element.

owever, such a design cannot be obtained with the current �PADs
anufacturing technology (the geometrical resolution available is

ot enough), whereas the design illustrated in Fig. 6 is suitable to
e manufactured out of paper.

.3. Physical prototype

In order to prove that the proposed numerical prototypes can
e implemented in practice, as well as to verify the accuracy of
he numerical predictions, physical prototypes were fabricated by
Please cite this article in press as: F. Schaumburg, et al., Design keys fo
A (2018), https://doi.org/10.1016/j.chroma.2018.05.040

raft-cutting. Whatman grade 1 filter paper was used as the mate-
ial substrate, laminated with 150 �m thick film pouches to avoid
vaporation. A 2%(v/v) water solution of a black hydro-soluble dye
as used as the working sample. Absorbance of the transmitted
ed together with concentration distribution obtained numerically. (b) The elements

light was optically measured to estimate local concentration. Fur-
ther details on the experimental setup can be found in Ref. [19].
The dye concentration distribution obtained in a typical experiment
is shown in Fig. 7a. Fig. 7b shows a comparison between numeri-
cal and experimental relative concentration profiles, which were
taken along the normalized arc length of the ellipse E1 indicated in
Fig. 7a. Numerical data was normalized with the initial concentra-
tion C0 while experimental data was normalized by subtracting the
background (i.e. device image prior dye release). Then 13 equidis-
tant points were taken along the E1 ellipse, where a 50 pixel square
r paper-based concentration gradient generators, J. Chromatogr.

region was  centered to calculate the average intensity and the stan-
dard deviation (SD). The experimental profile was slightly shifted in
the horizontal axis to align the mean value with the device symme-
try axis. Finally min–max normalization was performed. The image

https://doi.org/10.1016/j.chroma.2018.05.040
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ig. 9. Out-of-plane tree format gradient generator. (a) Device dimensions and co
ccurs in the first millimeter. (c) Photograph of a device made out of office paper, ju

rocessing was performed by using the ImageJ software [38]. In
ig. 7b, the average value is indicated in black. It can be seen that the
greement between experimental and numerical data is remark-
ble. Further, in Fig. 7c, experimental concentration profiles along
0 to E3 ellipses are superposed. In this case, concentration fields
long E0 to E3 are indicated as bands, where the width of such bands
s the estimated uncertainty expressed as ±1SD. This figure shows
ow the DR is maintained downstream in the diffuser, precisely as
redicted by numerical simulations.

. The tree format

.1. Optimizing the branches shape

On the base of the knowledge gained in the previous examples,
ere we attempt to find a more efficient design for �PGGs with tree-

ike networks [11]. In this format, initial fluid streams (normally
wo, but also three can be used) are systematically split, mixed, and
ecombined throughout an increasing number of branches along

 pyramidal network [25]. In the channels where mixing takes
lace, the elementary operation is the one studied in Section 3.
ccordingly, the appropriate geometry to be used for branching is a
-shaped juncture having a common channel with small w to reach
ixing at short l, and then a symmetric expansion with splitting to

onnect neighbor branches. This operation unit must be repeated
ownstream up to reaching the desired branching level. The design
roposed is shown in Fig. 8, which is based on a trade-off between
he practical rules developed in the previous sections and the cur-
ent technical capabilities of �PAD manufacturing techniques for
n in-plane device, by using a single paper sheet.

.2. Improving device throughput

The relatively small flow rate attainable in �PGGs may be a
rawback for some applications like drug screening, where the
hroughput of the device is a primary requisite. The flow rate in
ach branch (hence in the whole device) is proportional to the
Please cite this article in press as: F. Schaumburg, et al., Design keys fo
A (2018), https://doi.org/10.1016/j.chroma.2018.05.040

aper thickness h, which is normally fixed by manufacturers. With
hese constraints, an attractive strategy is to design out-of-plane
ranching; for example, by using paper sheets in vertical position,

ncluding tie contact between sheets to form (double sheet) mixing
ration distribution obtained numerically. (b) The effective mixing in every branch
 the purposes of illustration.

channels. The gain in this configuration is twofold: (i) the disper-
sion width to be attained by the solute is just h, so that the mixing
distance will be very short, and (ii) the depth of the channels t can
be made as large as possible, in order to obtain higher flow rates.
The design proposed is shown in Fig. 9.

The top view of the branching (Fig. 9a) is reminiscent of gradient
generators made of threads in the form of fish-nets, where mixing is
efficiently achieved in knots [39]. In such device, the low through-
put is a concern as well, thus improving the flow rate by an external
driving force was  proposed [40]. In our paper-based design, mixing
is effective due to the small transverse distance to be covered by
dispersing species (which can be seen in Fig. 9b), and the improved
throughput is equivalent to parallelizing the system by arranging
a pile of networks. In fact, the flow rate in the proposed device is
20 �L s−1 with t = 5 mm,  or 40 �L s−1 if t = 1 cm,  that is 10 and 20
times bigger than the in-plane paper device in section 5.1. Fig. 9c
illustrates the proposed 3D network structure.

6. Concluding remarks

The essential role played by mechanical dispersion on the ana-
lyte transport in �PADs makes necessary the introduction of novel
strategies to design analytical operations, particularly for �PGGs.
Some relevant concluding remarks are outlined as follows: first,
it was shown in Section 3 that decreasing the width of the com-
mon  channel reduces the final length of the device, increases the
overall flow rate, and decreases the assay time (see also Ref. [19]).
Second, a trade-off between DR and linearity was found in the gra-
dient (refer to Fig. 2). Even though these conclusions also apply
to conventional microchannels, they are particularly important in
paper-based devices, as mechanical dispersion greatly emphasizes
transverse solute dispersion. Third, a geometrical configuration
that cools-down the effect of mechanical dispersion was  found,
which allows one to maintain a given concentration profile along
the flow path. It consists in expanding the original channel with
an angle ˛, in the form of a diffuser, which is easy to fabricate and
r paper-based concentration gradient generators, J. Chromatogr.

manipulate. Fourth, these predictions were experimentally proved
in devices made on Whatman 1 filter paper (see Fig. 7). Fifth, the
concentration profile in the outlets can be adjusted to different
functions in the range [CMAX, CMIN], which is achieved by choosing

https://doi.org/10.1016/j.chroma.2018.05.040
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he proper cut line in the diffuser and cutting the paper accord-
ngly (see Fig. 4). Sixth, paper naturally enables the formation of
ontinuous gradients, but also the possibility of delivering discrete
oncentration values by splitting the outlet into the desired num-
er of fractions. It should be taken into account that these gradient
enerators are designed as a component to be integrated into more
omplex devices (see, for example, Refs. [11,12]). Seventh, in order
o illustrate the utility of the above mentioned designing rules, the
onventional tree-like format was redesigned to be implemented
n paper, where the optimized Y-shaped mixer was  included as
he basic unit. Two novel pyramidal networks were prototyped: a
D (in-plane paper, Fig. 8) and a 3D (vertical paper, Fig. 9). In par-
icular, the last one is able to provide high throughputs. One may
nally conclude that the suitable exploitation of mechanical disper-
ion in paper and similar porous substrates endows great potential
o �PGGs.
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