
PNAS Nexus, 2025, 4, pgae571 

https://doi.org/10.1093/pnasnexus/pgae571
Advance access publication 23 December 2024 

Research Report

Canopy elastic turbulence: Insights and analogies 
to canopy inertial turbulence
Ricardo Arturo Lopez de la Cruz a,*, Simon J. Haward a and Amy Q. Shen a

aMicro/Bio/Nanofluidics Unit, Okinawa Institute of Science and Technology Graduate University, Onna-son, Okinawa 904-0495, Japan
*To whom correspondence should be addressed: Email: ricardo.lopez@oist.jp
Edited By Gary Grest

Abstract
Canopy flows occur when a moving fluid encounters a matrix of free-standing obstacles and are found in diverse systems, from forests 
and marine ecology to urban landscapes and biology (e.g. cilia arrays). In large-scale systems, involving Newtonian fluids (like water or 
air), canopy flows typically exhibit inertial turbulence due to high Reynolds numbers (Re). However, in small-scale systems like cilia, 
where Re is low, but the fluid can be viscoelastic (like mucus), the relevant control parameter is the Weissenberg number (Wi), 
quantifying elastic stresses in the flow. Here, we investigate the flow of a viscoelastic polymer solution over a microscopic canopy 
within a microfluidic device. As the Weissenberg number increases, the flow undergoes distinct transitions, eventually becoming 
unstable beyond a critical Wi. At high Wi, we observe the emergence of elastic turbulence (ET), a chaotic flow regime that, despite 
differing underlying mechanisms, exhibits striking similarities to large-scale canopy inertial turbulence. Similar to canopy inertial 
turbulence, ET within the canopy can be spatially divided into distinct regions: a porous layer within the canopy, a mixing layer at the 
canopy tips, a transitional region just above the canopy, and a Poiseuille-like flow further up. The separation of the flow into different 
regions reveals a new analogy between inertial turbulence and ET, providing a fresh insight into ET flows and expanding their 
potential for innovative microfluidic designs and real-world applications.
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Significance Statement

Until recently, it was thought that turbulence only occurred in inertial flows at high Reynolds numbers. However, even when inertia is 
negligible, the elasticity of fluids like mucus or blood can elicit a similar chaotic flow state called elastic turbulence (ET). ET is less well 
understood than classical turbulence. We study ET within a microscopic canopy, an array of slender obstacles mimicking structures 
like cilia in our bodies. We demonstrate that ET exhibits distinct flow regions and coherent structures analogous to those observed in 
large-scale inertial canopy flows, like forest canopies. This finding bridges the gap between classical and ET, offering new insights that 
could inspire innovative microfluidic designs, harnessing ET’s chaotic behavior for enhanced mixing and flow control.
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Introduction
The dynamics of canopy flows play a crucial role in a wide range of 
natural and engineered systems, influencing the distribution of 
nutrients, humidity, temperature, and more within environments 
such as forests, marine ecosystems, agricultural fields, and urban 
areas (1–6). Canopy flows at such large scales typically exhibit tur
bulence due to high Reynolds numbers (Re), a parameter reflect
ing the balance between inertial and viscous forces. We refer to 
these as inertial canopy flows. However, canopy flows also occur 
on much smaller scales, such as on cilia-covered surfaces within 
human and animal bodies (7–9) or around microorganisms (10). In 
these microcanopies, where Re is low and the fluid is often visco
elastic, the Weissenberg number (Wi) becomes the critical param
eter. Wi compares the fluid’s elastic stress to its viscous stress, 

and at high Wi, the flow can become unstable, transitioning into 
a chaotic regime known as elastic turbulence (ET) (11–13). ET is 
a turbulent-like flow, not exclusive to microcanopies, arising 
from entirely different mechanisms than classical turbulence as 
ET is driven by fluid elasticity rather than inertia (14, 15).

Recent advances have revealed intriguing parallels between 
the ET regime and classical inertial turbulence, such as increased 
flow resistance (14, 16), enhanced mixing (17), improved heat ex
change (18, 19), a power-law decay of the energy spectrum in 
the frequency domain (14, 16, 20–25), and features of intermit
tency and multifractality (26). Additionally, Monami-like waves 
have been observed in microcanopies (27), further highlighting 
the similarities between ET and classical turbulence. These find
ings suggest that the behavior of ET can be better understood by 
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drawing analogies from classical turbulence, while acknowledg
ing their fundamental differences (25). Despite the progress 
made, ET remains less understood than classical turbulence, par
ticularly in complex configurations like canopy flows.

This study aims to bridge that gap by investigating the flow of 
a viscoelastic polymer solution within and above a microcanopy 
contained in a microfluidic channel, using insights from inertial 
canopy flows to inform our understanding of ET in these sys
tems. We propose that similar to their inertial turbulent coun
terparts (6, 28), microscale canopy flows in the ET regime can 
be segmented spatially into distinct regions: a porous layer 
within the canopy, an effective mixing layer at the tips of the 
canopy, a transition layer above the canopy, and a layer of 
Poiseuille-like flow further up. This conceptual framework will 
help delineate the different flow regimes encountered as Wi in
creases, ultimately leading to instability and ET. By systematic
ally varying Wi and examining the flow stability and structures, 
we aim to uncover deeper insights into ET’s mechanisms and its 
potential applications in microfluidic design and real-world 
scenarios.

Results
We fabricated a transparent, straight microfluidic channel with a 
rectangular cross-section with height H = 0.51 mm and width 
W = 3.7 mm. The channel contained a rigid canopy consisting of 
square matrix of 23 × 123 pillars with height h = 0.27 mm, diam
eter d = 0.015 mm, and a spacing ΔXp = 0.15 mm as sketched in 
Fig. 1A. With those dimensions, the pillars do not bend under 
our flow conditions (Young’s modulus E = 73 GPa (29), see 
Materials and methods) eliminating the need to consider the 
coupling between the flow and the movement of the pillars, which 
can make the analysis more complicated (30). Furthermore, we 
have a fully submerged and confined canopy, with a solidity factor 

sf = hd/(ΔXp)2 = 0.17 ± 0.005. The latter is a parameter typically 
used in the inertial canopy community to differentiate between 
sparse (sf < 0.1) and dense (sf > 0.1) canopies.

The test fluid was a solution of partially hydrolyzed polyacryl
amide (100 ppm, HPAA) in an 89.5 wt% glycerol/water solution, 
with a relaxation time of λ = 4.7 ± 0.4 s measured by the capillary 
break-up method (31–33). The viscosity η, plotted in Fig. 1B,  shows 
that the fluid was moderately shear-thinning and is well fitted 
with the Carreau–Yasuda model. The fit was used to calculate 
the shear thinning parameter S, which measures the importance 
of shear thinning and is shown at the bottom of Fig. 1B (the full 
definitions of the model and of S are in the Materials and meth
ods). We used the glycerol/water solution without polymer as a 
reference Newtonian fluid with a viscosity ηs = 0.14 Pas. The small 
height of the channel was chosen to enable us to reach large 
Wi = λγ̇nom, calculated using the nominal wall shear rate, 
γ̇nom = 6Ub/H, with Ub = Q/(HW) and Q the volumetric flow rate, 
considering an equivalent Poiseuille flow (33, 34) through a chan
nel of height H. The Reynolds number was calculated as 
Re = ρUbH/η(γ̇nom), with ρ = 1,230.7 kg/m3 the density of the solvent 
interpolated from literature values (35). Re ≤ 0.1 in all experi
ments and is therefore neglected throughout the remainder of 
the article.

In the following sections, we will consider a coordinate system 
as indicated in Fig. 1A. The instantaneous velocities (scalar) in the 
x, y, and z directions are denoted as u, v, and w, respectively. An 
overbar †̅ indicates a time average, brackets 〈†〉β indicate an aver
age in space along a given coordinate if β = x, y, z, or an average 
over several instances of an event if β = N. The velocity fluctua
tions are defined as u′(x, t) = u(x, t) − u̅(x), and urms(x) is the corre
sponding root mean square value, similar for v and w. In the text, 
we will refer to the region around the upper part of the pillars 
(y ∼ h) as the canopy tips, while the wall located at y = H will be re
ferred to as the upper wall.
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Fig. 1. Experimental setup, fluid properties, velocity field analysis, and flow regimes. A) Schematic representation of the experimental setup from both 
side and top views, highlighting key length scales. The setup features a rectangular microchannel made of fused silica with a regular array of pillars. The 
velocity field of a viscoelastic fluid was measured using micro-Particle Image Velocimetry (μ-PIV) with the green semitransparent rectangles depicting the 
field of view from both perspectives. The black crosses indicate the origin of the coordinate system. B) Rheological properties of the test fluid (partially 
hydrolyzed polyacrylamide dissolved in an 89.5:10.5 wt% glycerol/water solution). Up: Viscosity curve with the data in black diamonds, a Carreau–Yasuda 
fit with a red solid curve, the viscosity for the nominal shear rates (γ̇nom) tested in squares, and the solvent viscosity with a dot-dashed black line. Down: 
Shear-thinning parameter, S, obtained from the fit to the viscosity curve. The triangles correspond to the shear thinning parameter at the nominal shear 
rate. Four flow regimes are marked, and the gray areas indicate the ranges within which the transitions between regimes could occur. The transitions 
between four distinct flow regimes are indicated, with regime I∗ representing the expected low-Wi behavior observed only with the Newtonian fluid. C) 
Time-averaged streamwise velocity fields, u̅/Ub, for both Newtonian and non-Newtonian fluids at the same flow rate (Q = 5 mL/min). D) Time-averaged 
wall-normal velocity fields, v̅/Ub, for the same fluids and flow rate. E) Time and space-average velocity profiles for different Weissenberg numbers (Wi), 
with Wi = 0 the Newtonian case. F) Vertical derivatives of the velocity profiles shown in (E). The horizontal dashed lines mark the position of the canopy 
tips, while the vertical dotted lines serve as a reference for a vertical derivative equal to zero.
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Average velocity regimes with increasing Wi
We started by looking for the conditions at which the canopy flow 

becomes unstable. To achieve this, we measured the fluid velocity 

using micro-Particle Image Velocimetry (μ-PIV) at different flow 

rates with a Newtonian and a non-Newtonian fluid. The former 

served as a reference for laminar flows without elastic or shear- 

thinning effects. By measuring the flow at different downstream 

locations, we found that in general the flow is fully developed 

about 6 to 10 pillars downstream of the canopy, although at large 

Wi, the flow continues to evolve slowly further downstream (see 

Fig. S1 and the accompanying text in the Supplementary 

Information). The measurements presented here were done half

way downstream of the canopy inlet (the field of view was cen

tered at pillar 67) to minimize possible end effects. When 

looking from the side view, the focal plane was parallel to the cen

tral row of pillars, i.e. at z = 0 (the field of view is sketched in the 

upper panel of Fig. 1A).
Two examples of the normalized time-averaged velocity fields 

in the horizontal, u̅/Ub, and vertical direction, v̅/Ub, are shown in 
Fig. 1C and D, respectively. The examples correspond to a 
Newtonian laminar flow and non-Newtonian unstable flow at 
the same flow rate. In both cases, the normalized streamwise vel
ocity, u̅/Ub, is approximately constant along x, with small periodic 
variations introduced by the presence of the pillars. These spatial 
variations are more evident for the vertical component, v̅/Ub, 
(Fig. 1D) particularly for the Newtonian case. Nevertheless, the 
streamwise velocity is at least one order of magnitude larger 
than the vertical velocity. Therefore, we will focus on the 
time-space-average profiles of the horizontal component of the 
velocity.

We identified four distinct flow regimes with increasing Wi. The 
regimes are illustrated in Fig. 1E and F with four qualitatively dif
ferent velocity profiles and are demarcated in the shear-thinning 
parameter plot in Fig. 1B. Regime I is the low-Wi steady laminar 
case, for which the flow outside the canopy has an approximately 
parabolic profile, i.e. a straight line in its derivative (in Fig. S2, we 
show a parabolic fit to the section of the profile outside the can
opy). This regime is observed with the Newtonian fluid but not 
with the viscoelastic fluid due to limitations in the minimum at
tainable frame rate of our measurement system. However, we an
ticipate its appearance at sufficiently low Wi, so we have indicated 
it as I∗. Regime II occurs at Wi ≈ 1, and corresponds to cases in 
which the velocity profile outside the canopy is flat. A flat profile 
is characteristic of shear-thinning fluids (36) so we call this regime 
the shear-thinning regime. Notice that the values of the shear 
thinning parameter S for these cases are the largest (purple trian
gles in Fig. 1B). Furthermore, we compared the velocity profile out
side the canopy with that of an inelastic flow between parallel 
plates using the Carreau–Yasuda equation for the viscosity. In 
Fig. S2 of the Supplementary Material, we show that this model 
captures the measured behavior well. In Regime III (intermediate 
values of Wi), the velocity outside the canopy recovers a parabolic 
profile, indicating that shear-thinning effect has become less 
prominent (see Fig. S2). The cases in this regime correspond to 
the light blue triangles in Fig. 1B. Lastly, in regime IV, with 
Wi ≈ 500, the velocity profile outside the canopy deviates from 
the parabolic shape, with its derivative becoming convex and a 
slightly less pronounced peak at the canopy tips. As detailed in 
the next section, Regime IV is associated with ET, suggesting 
that the change in the profile results from the chaotic flow.

Despite their differences, all the profiles show a much faster 
velocity outside the canopy than inside it, resulting in a maximum 

velocity gradient at the tips of the canopy (see Fig. 1F), i.e. an 
inflection point. This observation is expected for sf > 0.1 and will 
allow us to compare our results with inertial canopy flows that 
also have an inflection point at their tips.

Transition to ET
Having discussed the mean field characteristics of the flow we 
now turn to its velocity variations. Fig. 2A–C show the space- 
averaged Reynolds stresses normalized by the square of the bulk 
velocity. For the shear Reynolds stress, we took the absolute value 
before averaging in space, 〈|u′v′|〉x/U2

b. The horizontal and shear 
Reynolds stresses increase significantly in regimes III and IV, 
while the vertical Reynolds stress barely changes with Wi, and it 
is homogeneous in space. This is in agreement with Ref. (25) where 
it was found that the most prominent velocity component in ET 
was the streamwise component. Additional support comes from 
top view measurements which show that the space average of 
the variations in the spanwise velocity, 〈wrms〉x,z are also small 
(see Fig. S3). The increase in 〈u′u′〉x/U2

b with Wi mainly occurs out
side the canopy, but in regime IV, a slight increase is also observed 
within the canopy. The Reynolds stress follows a similar trend, but 
it is more sharply peaked. The increase in fluctuations in regimes 
III and IV indicates that the flow has become unstable.

To better illustrate the transition, Fig. 2D shows the plot of 
〈u∗rms〉x/Ub = (〈urms〉x − 〈urms,Newt〉x)/Ub vs. Wi. The fluctuations be
come larger than their Newtonian counterpart at large enough 
Wi, but depending on the vertical location, the deviation from 
the base noise happens at different Wi numbers. Outside and at 
the canopy tips, the fluctuations become large at Wic,out ≈ 24, 
while inside the canopy, the increase is only noticeable for 
Wic,in ≈ 200. This difference could be caused by the much smaller 
velocities and the shear rates within the canopy. By integrating 
the time-space averaged velocity profiles within the canopy 
(0 < y < h), we have calculated the local flux per unit length within 
the canopy, Qin, and the local bulk velocity Ub,in = Qin/h ∼ 0.3Ub. 
Using this local bulk velocity, the critical Wi within the canopy de
creases by approximately a half while the critical Wi outside the can
opy becomes approximately 4 times larger, solving the discrepancy. 
Therefore, the Weissenberg number calculated using the local bulk 
velocity seems to be the control parameter determining the transi
tion to unstable flow. However, since this value cannot be known a 
prior but must be measured experimentally, and given that the lo
cal bulk velocity outside the canopy is very close to the overall bulk 
velocity, Ub,out ∼ 1.8Ub, we will continue to use the Weissenberg 
number calculated using Ub in the reminder of this work.

The fluctuations at the canopy tips in Fig. 2D (squares) have a 
local maximum around Wi ∼ 24 before decaying slightly at Wi ∼ 
49 and then increasing again (a similar trend is found for the fluc
tuations measured from the top view shown in Figs. S3 and S4). 
Such a local maximum in fluctuations has also been observed, 
for example, in porous media (37) and in experiments with single 
rows of pillars (38). Qin et al. (38) associated the first increase in 
fluctuations with the linear instability known to occur in visco
elastic flows with curved streamlines (39), which has also been ob
served in other works (24, 40, 41) with the critical Wi ranging from 
1.6 to 3. On the other hand, the second increase in fluctuations 
was associated with a sub-critical transition at Wi ≈ 9. While the 
exact values are not the same, our data indicate that at the tips 
of the canopy, a first instability is caused by the curved stream
lines (due to the circular cross-section of the pillars and their finite 
size), followed by a second instability of different nature and simi
lar to that reported in Ref. (38). There are also curved streamlines 
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inside the canopy, but as already mentioned, the much smaller 
flow speed within the canopy seems to mitigate the instability, 
at least at the same global Wi as at the canopy tips.

Shown in Fig. 2E are the temporal spectra of the streamwise 
velocity fluctuations at y = 1.5h (approximately the middle point 
between the canopy tips and the upper wall of the channel). We 
also included the spectrum corresponding to the Newtonian case 
of Fig 1. The spectra are normalized by the bulk velocity and the fre
quency by the nominal shear rate, resulting in a collapse for the 
cases with Wi ≥ 24. These curves exhibit a region with an approxi
mate power-law decay with the magnitude of their exponents be
tween 2 and 2.8. Shnapp and Steinberg (21) found that in a 
straight channel with a smooth entrance, the magnitude of the ex
ponent increases up to a value of 2 with Wi during what they called 
the transition regime. In the ET regime, the exponent continued to 
rise to around 2.8, and finally, in the drag reduction regime, it de
creased to 2.2. A similar trend was observed in a straight channel 
with a nonsmooth inlet (16). In simulations of a straight channel 
flow with a fluid following the Phan-Thien–Tanner constitutive 
equation, the exponent was as low as 2 in what was considered 
the ET regime (25). Therefore, regime III can be considered transi
tional, while in regime IV the system has reached the ET state.

To further confirm the transition to ET, we measured the pres
sure drop, ΔP, along the whole channel (see Materials and meth
ods for more details) from which we calculated the friction 
factor F = (2DhydΔP)/(LρU2

b), where Dhyd = 2HW/(H + W) is the 
hydraulic diameter of the channel without canopy. In Fig. 2F, 
we plotted the friction factor normalized by the laminar counter
part, F lam ∝ Re−1, and in Fig. 2G, the pressure fluctuations 
ΔPrms/ΔPrms,lam − 1. Like in the case of a straight channel (16), 
both quantities increase above the laminar level at a large enough 
Wi number. The increase in the friction factor seems to start close 
to Wi ≈ 20, while in the pressure fluctuations, the increment is clear 
only above Wi ≈ 250, supporting the results of the power spectra.

Canopy flow in the ET regime
In this section, we focus on the case with Wi = 972 within the ET 
regime, referred to by De Blois et al. (27) as canopy ET. In 

Fig. 3A–C, we plotted three examples of coherent structures ob
served in the streamwise fluctuating velocity field. Specifically, 
we plot an average over several instances of the same event, 
〈u′〉N normalized by Ub. In Fig. 3A, we show what we call a stream, 
in which all the fluctuating flow above the canopy moves in the 
same direction, either to the right or left. In Fig. 3B, we show elon
gated horizontal stripes within which u′ has the same sign. In 
Fig. 3C, we show a roller that spans a few inter-pillar distances, 
ΔXp. The rollers can have clockwise or counterclockwise rotation. 
The currents are the most common structure, while the rollers are 
the least. All the structures are advected downstream, with the 
rollers moving the slowest (see Movie 1 in the SI). It is tempting 
to associate the roller structures with a Kelvin–Helmholtz in
stability like in inertial canopy flows (2, 3). In the latter, the inflec
tion point located at the canopy tips is the origin of the instability 
and of vortex shedding. While we also observe an inflection point, 
we do not have a prediction for the frequency of appearance of the 
rollers. Therefore, we cannot corroborate that the rollers are the 
result of a Kelvin–Helmholtz instability and their origin remains 
an open question. Concerning the stripes, they are reminiscent 
of those observed experimentally in straight channel flows 
(16, 42), and in simulations at the center of a straight channel 
(25) or around cylinders (40), suggesting that the flow above the 
canopy behaves similarly to a straight channel flow. It is not al
ways clear how to differentiate between stripes and rollers; 
here, we define rollers as cases where the vertical velocity fluctu
ations are nonzero and change sign from the left half to the right 
half of the plot. In upcoming work, we plan to use Proper 
Orthogonal Decomposition and Spectral Proper Orthogonal 
Decomposition to better identify the structures and study how 
they get transported. Similar to how it was done recently for elas
toinertial turbulence in channel flow (43).

We also performed several experiments by observing the flow 
in the microchannel from a top view. In Fig. 3E and F, we show 
two instantaneous snapshots of the streamwise velocity fluctua
tions, u′. These were obtained by positioning the focal plane out
side the canopy, approximately midway between the upper wall 
of the channel and the canopy tips (refer to the sketch in 
Fig. 3D). We observed stripe-like structures accompanied by 
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Fig. 2. Velocity fluctuations and pressure drop analysis. A–C) Space averaged profiles of the Reynolds stresses for the four cases presented in Fig. 1. In C), 
the space-averaged magnitude of the shear Reynolds stress is shown, because the sign alternates before and after each pillar, similar to the vertical 
velocity. D) Horizontal velocity fluctuations compensated by the Newtonian counterpart, 〈u∗rms〉x/Ub = (〈urms〉x − 〈urms,Newt〉x)/Ub, plotted against Wi. The 
different symbols indicate that fluctuations were measured inside, outside, and at the canopy tips. Error bars represent 1SD along the x direction. 
E) Temporal power spectra of the horizontal velocity fluctuations. The spectra were calculated at each position of the velocity field and then averaged 
along x. The spectra shown correspond to a location halfway outside the canopy (y = 1.5h). The legend indicates the Wi number. F) Friction factor 
normalized by its laminar counterpart F/F lam. The laminar regime was calculated as a linear fit to the first three data points. G) Fluctuations of the 
pressure drop normalized by the laminar regime, ΔP∗rms = ΔPrms/ΔPrms,lam − 1. The laminar regime is calculated by a linear fit to the first five data points. 
The error bars in (F) and (G) correspond to 1SD over at least three repetitions.
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rollers, as evidenced by the streamlines. In some cases, there were 
pairs of rollers, while in others, only single large rollers were vis
ible within our field of view. Similar to the side view, these struc
tures are significantly larger than ΔXp. The channel dimensions 
seem to determine the size of these structures instead of the pillar 
diameter or spacing. Movie 2 in the SI shows the top-view velocity 
fluctuations and the advection of the structures. In some instan
ces, the stripes form an angle with respect to the streamwise dir
ection, x, resembling the waves observed in flexible canopies (27) 
or porous media (44, 45). However, the occurrence of the oblique 
stripes is not as common as the horizontal stripes shown in 
Fig. 3E. De Blois et al. (27) demonstrated that the appearance of 
the waves was independent of the flexibility of the pillars, and 
they occurred at Wi ∼ 100, suggesting we should observe them 
in our system. Nonetheless, we rarely see waves with an oblique 
angle. A significant difference between De Blois’ system and 
ours is the gap size between the canopy tips and the channel 
wall. In our setup, the gap is equal to the height of the canopy, 
while in (27), the gap was 24 times smaller than the canopy height. 
Given that waves have also been observed in porous media, where 
the pillars span the entire height of the channel (44, 45), we believe 
that having a small or no gap is crucial for eliciting waves or at 
least forming strong ones. With a larger gap, the flow has another 
dimension to deflect into (the observation of rollers from both side 
and top views indicates that the flow is 3D), whereas with a very 
small gap, the flow is virtually 2D. Therefore, the strong wave for
mation at an oblique angle might partly result from these dimen
sional constraints.

Figure 3G–I shows the flow within the canopy from the top 
view, very close to the canopy tips. The average flow in the stream
wise direction is shown in Fig. 3G. It is evident that within the can
opy, there are preferential flow paths in between each row of 
pillars, while there are stagnation zones downstream to each pil
lar. In Fig. 3H and I, we plotted two instantaneous fields of u′, 
showing that the fluctuations mainly form coherent structures 
aligned with the preferential flow paths. The strong fluctuations 
can occur in single or multiple paths, with the rows of pillars cre
ating sharp divisions in the flow. The pillars sometimes fragment 

the structures into smaller sizes, as observed in the uppermost 
row of pillars in the rightmost panel of Fig. 3I. Therefore, within 
the canopy, the inter-pillar distance and pillar diameter are the 
length scales determining the size of the flow structures, similar 
to what is observed in inertial canopies (28).

Coming back to the side view, while the focal plane is located at 
the central row of pillars, the depth of field (∼ 70 μm) is thicker than 
the pillar’s diameter, allowing us to observe focused particles in the 
same plane as the pillar’s centers but also out of that plane. The 
particles out of the plane are more numerous and we corroborated 
that they are the ones that, after image processing, contribute more 
strongly to the velocity measurements. However, by a different im
age processing, we can extract the location of a few particles 
trapped in the slow wakes behind the pillars. Within those slow re
gions, the particles can move in any direction, even contrary to the 
direction of the main flow (see Movie 3 in the SI). The apparent ran
dom movement suggests that the flow behind pillars is shielded 
from the fast flow along the channels, similar to the flow between 
two obstacles in (22). In porous media, it has been shown that 
strands of highly stretched polymers form on the wake of the pillars 
(37, 44, 46, 47). These strands have been referred to as birefringent 
strands, and they can separate the flow into different sections of 
very different flow speeds, a phenomenon called channelization 
(46). While we do not have access to the stress field within the can
opy, we can deduce that birefringent strands form around the pil
lars, promoting channelization and making the flow within the 
canopy very similar to that of porous media.

Canopy elastic vs. inertial turbulence
The flow structures discussed in the previous section showed that 
the velocity field within the canopy behaves differently from that 
outside it. Similar observations were reported for canopy inertial 
turbulence with high solidity factors, for which small vortices ap
peared within the canopy and large ones outside it (5, 6, 28). In this 
section, we compare our system with inertial canopy flows, using 
the latter as a reference to characterize the average velocity pro
files we measured in the ET regime.
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C

Fig. 3. Flow structures in the ET regime (Wi = 972). A–C) Examples of three coherent structures observed in the fluctuating velocity field obtained from the 
side view. A) What we call a stream in which the whole velocity field above the canopy has the same sign is shown. B) A pair of elongated stripes, and C) a 
roller are shown. For all three cases, we observed the equivalent structure with opposite signs (for the rollers, counterclockwise rotation). Each example 
represents an average over several instances of the same structure, indicated as 〈u′〉N. Notice that the plots only show a reduced section of our field of 
view, indicated in the sketch in (D). The arrows in D) indicate the direction of observation for the top views. E and F) Examples of the instantaneous 
velocity fluctuation fields (u′) showing large-scale stripe-like structures accompanied by a pair of rollers (E) and a larger roller (F). The gray dots indicate 
the location of the pillars. Notice that the pillars do not intersect with these fields of view. G–I) Streamwise velocity fields measured within the canopy and 
close to the tips. G) Time-averaged velocity field. H and I) Two instances of the instantaneous streamwise velocity fluctuations. The presence of the pillars 
causes the channelization of the flow and smaller structures in the fluctuation field (top of (I)). Notice the change in the zoom degree from (E and F) 
compared to (G–I). The circles indicate the location of the pillars.
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As shown in Fig. 1D and E, all the velocity profiles exhibit an in
flection point at the canopy tips (y = h) due to the drag caused by 
the canopy with a solidity factor sf > 0.1. The inflection point ori
ginally motivated the analogy between the canopy inertial turbu
lent flows and the mixing layer flow (1, 2, 5, 6). Here, we test the 
same analogy for canopy ET. A useful quantity to support the ana
logy between mixing layers and inertial flows in dense canopies is 
the correlation coefficient, ruv = u′v′/(urmsvrms). This quantity typ
ically reaches a maximum value of about 0.5 at the canopy tips, 
which is close to the 0.44 observed in mixing layers. However, 
this metric may not be the best to characterize ET. Foggi Rota 
et al. (48) calculated the joint probability functions of the fluctuat
ing velocities in both Newtonian and viscoelastic channel flow 
simulations, revealing clear correlations between the velocity 
components in regular turbulence but not in ET. Therefore, we 
cannot expect ruv to match the values in the inertial canopies. In 
fact, while our system’s ruv has a maximum at the canopy tips, 
its typical value is only about 0.34 (see Fig. S5), which is lower 
than that in a mixing layer. Therefore, we turn into other quan
tities like the space average skewness, 〈Sk〉x, and kurtosis, 〈K〉x, 
of u′ and v′, as plotted in Fig. 4A and B. The skewness and kurtosis 
of v′ are almost constant along the vertical direction, supporting 
the idea that the streamwise velocity is the relevant component 
for ET. On the other hand, just below the canopy tips, 〈Sk〉x of u′

reaches a value close to 1 and changes its sign above the canopy, 
similar to a mixing layer. Additionally, the kurtosis exceeds 3 just 
below the canopy tips, reverting to 3 otherwise, mirroring meas
urements in inertial canopies by Poggi et al. (28).

Another test we conducted was to directly fit a mixing layer 
model to the average velocity profile, similar to the approach 
used by Zhang et al. (6) for urban canopies. Considering the region 
around the canopy tips and taking a few more data points within 
the canopy than above it, we fitted our data with a hyperbolic tan
gent function (49–51) given by

〈u̅〉x(y) = 0.5ΔUtanh[(y − yinfl)/lML] + Uinfl, (1) 

where ΔU = 26.20 mm/s, Uinfl = 17.25 mm/s, yinfl = 0.269 mm, and 
lML = 0.041 mm are fitting parameters and the numerical values 
correspond to those used in Fig. 4C and D. ΔU = Uf − Usl is the dif

ference between the fast Uf and slow Usl velocity streams in the 
mixing layer model. Uinfl and yinfl are the speed and location of 
the inflection point, and lML is a characteristic length scale affect
ing the thickness of the mixing layer. This fitting worked well from 
about midway within the canopy up to y = 1.15h (see the blue 
circles and the red dot-dashed line in Fig. 4D). We prioritized fit
ting the data within the canopy to ensure the fit’s inflection point 
matched that of the data, consistent with Zhang et al. (6), who 
found that the mixing layer model works better within the canopy 
and in the vicinity of the canopy tips. Thus, for our viscoelastic 
canopy, the mixing layer model is also applicable within the re
gion close to the canopy tips. Above y ∼ 1.15 h, the data deviates 
from the mixing layer model, while above y ∼ 1.35 h, it starts to fol
low a parabolic profile. The latter is corroborated by the quadratic 

fit (with coefficients c1 = −1.59 × 103 1/mms, c2 = 1.30 × 103 1/s, 

c3 = −0.23 × 103 mm/s) shown in Fig. 4C and D with a red dotted 
line. Despite being in the ET regime, the data away from the can
opy remain parabolic, aligning with the results of Lellep et al. (25), 
where ET is achieved in a channel flow, and the mean profile is still 
parabolic except for a small deviation at the center of the channel. 
The presence of a transition zone between the mixing layer region 
and the parabolic region suggests that the instability originating 
from the canopy has a stronger effect on the mean flow than the 
instability from the center of a straight channel.

In the previous section, we showed evidence indicating that the 
flow within the canopy behaves like the flow in porous media. 
Therefore, inspired by works on hairy surfaces (9) and porous me
dia (52), we have fitted the Brinkman equation to the velocity pro
file within the canopy,

〈u̅〉x(y) = UD(1 − ey/lB ) + (Us − UD(1 − eh/lB ))
sinh(y/lB)
sinh (h/lB)

, (2) 

A B C D E

Fig. 4. Comparison of flow regions in ET (Wi = 972) and inertial canopy turbulence. A) Skewness and B) Kurtosis profiles of u′ and v′ averaged along x. The 
vertical dotted lines indicate a value of 0 or 3, respectively. C) Average velocity profile and D) its vertical derivative, with fits to different regions of the 
profiles. The dashed horizontal gray line marks the canopy tip location. E) Schematic comparison of flow regions in canopy inertial turbulence (left) and 
canopy ET (Wi = 972, right). The sketch illustrates different flow regions, with the leftmost labels applying only to the inertial canopy case. The roughness 
sublayer typically extends up to 2 or 3 times the canopy height, while the inertial sublayer continues indefinitely in terrestrial canopies or up to the water 
surface in aquatic canopies. The labels inside green boxes (left) indicate the different flow layers proposed by Poggi et al. (28), while the labels inside blue 
boxes (right) indicate the flow layers proposed in the present work for viscoelastic canopy flows in the ET state. The rightmost labels indicate the 
approximate sizes of each region in terms of h and specific for the experiment shown in (C and D).
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where UD = 3.985 mm/s, Us = 17.78 mm/s, and lB = 0.026 mm were 

used as fitting parameters while the height h = 0.27 mm of the 

canopy was imposed. The numerical values correspond to those 

used in Fig. 4C and D. UD corresponds to Darcy’s velocity, Us to 

the slip velocity at the canopy tips, and lB is a length scale affecting 

how flat the profile is within the canopy. The fit is fairly successful, 

almost up to the canopy tips, with a section overlapping with the 

mixing layer model. The fit captures the second inflection point 

within the canopy and accurately reflects the velocity approach

ing zero at the bottom wall, despite the Brinkman equation being 

suitable for Newtonian fluids. Consequently, we can conclude 

that within the canopy, the mean flow resembles that of a 

Newtonian fluid but with an effective viscosity greater than that 

of the solvent, given that the speed within the canopy is smaller 

than in the Newtonian case (see Fig. 1D).
In canopy inertial turbulence, it is well established that the flow 

can be divided into distinct regions or layers (1, 5, 6). In Fig. 4E, we 
have sketched a canopy and labeled the different layers convention
ally used. The region going from the ground and up to the canopy 
tips is the canopy sublayer. The roughness sublayer extends to 2 
or 3 times the height of the canopy and may include the canopy sub
layer. This roughness sublayer is where the effects of the canopy sig
nificantly modify what would otherwise be a boundary layer flow 
over a smooth wall. Further up, there is the inertial sublayer, where 
the flow behaves as a classical boundary layer and can be divided 
into a logarithmic layer and a wake layer (6). Here, we consider it 
as the layer where the canopy effect is no longer felt.

Considering the coherent structures observed in dense canopies 
with inertial turbulence and different characteristic length scales, 
Poggi et al. (28) proposed a model to predict the vertical profile of 
the streamwise velocity. This model consists of three main compo
nents. First, deep inside the canopy sublayer, the flow is dominated 
by von Kármán street vortices. Second, around the canopy tips, the 
flow is characterized by a superposition of a rough-wall boundary 
layer and a mixing layer flow, which is susceptible to Kelvin– 
Helmholtz instabilities and the associated vortices. Third, above 
from the roughness sublayer, the flow transitions into a classical 
boundary layer flow. Keeping this model in mind and taking the re
sults from this section and the previous one, we propose that our 
system can also be divided into different regions or layers as 
sketched on the right side of Fig. 4E. We have indicated the approxi
mate sizes of each region in terms of h, specific to the experiment 
shown in Fig. 4C and D. Within the canopy, the pillar dimensions 
dictate the flow length scales. Instead of von Kármán vortices, we 
observe channelization and slow wakes behind the pillars, designat
ing this region as the viscoelastic porous media flow. At the canopy 
tips, where fluctuations are the largest and the inflection point is lo
cated, there is an asymmetric mixing layer flow. Just above this, the 
flow profile deviates from the mixing layer model, which we term 
the transition region. Finally, away from the canopy, the flow resem
bles a channel flow with a parabolic profile. It is important to note 
that the boundary conditions away from the canopy differ in each 
case. In our system, there is a no-slip boundary condition. In inertial 
canopies, conditions vary: aquatic canopies have a stress-free condi
tion, while terrestrial canopies have an unconstrained domain. 
Regardless, our point is that away from the canopy, the flow transi
tions into the conditions that would exist if the canopy were absent. 
In canopy inertial turbulence, this is a boundary layer; in canopy ET 
within a microfluidic device, it is a channel flow.

While we could have fitted the entire profile with the mixing 
layer model as done in Ref. (49), this approach would have dis
placed the model’s inflection point upwards. By fitting the profile 

in sections, we suggest that the overall profile is a mixture of dif
ferent models depending on the vertical direction. In future work, 
we plan to vary the canopy height to further corroborate this 
hypothesis.

Conclusion and outlook
We have studied the flow of a viscoelastic fluid within a microflui
dic device containing a microcanopy. Our findings reveal that the 
mean flow undergoes four distinct regimes as the Wi number in
creases, with the fourth regime corresponding to ET.

We found evidence that the transition to canopy ET occurs in 
two steps: an initial increase in velocity fluctuations at intermedi
ate Wi, followed by a decrease, and then a stronger increase at 
higher Wi, similar to some channel flows (38) and porous media 
flows (37). We confirm that in canopy flow, the streamwise vel
ocity is the main unstable component, consistent with the chan
nel flow simulations of Lellep et al. (25) and with the velocity 
decorrelation observed in ET by Foggi Rota et al. (48). Finally, in 
canopy ET, the velocity spectrum has an exponent closer to −3, 
similar to straight channel flows (16, 21) and viscoelastic jets 
(23), as opposed to the −4 exponent found in homogeneous iso
tropic ET (26), suggesting that the exponent could be sensitive to 
the isotropy of the flow.

In the ET regime, the flow behavior varies with the vertical lo
cation, displaying different coherent structures at each level. 
Consequently, we divided the canopy ET flow into distinct regions 
or layers, analogous to those used in inertial canopies (5, 6) and 
more specifically, those proposed by Poggi et al. (28). We identified 
a viscoelastic porous media flow within the canopy, a mixing layer 
flow at the canopy tips, a transition region just above the canopy, 
and a viscoelastic channel flow away from the canopy. In each re
gion, except for the transition, we successfully fitted the average 
velocity profile using simple models: the Brinkman equation, a 
hyperbolic tangent, and a quadratic equation. Future work could 
explore more sophisticated models, such as the one developed by 
Ochoa-Tapia et al. (53), which considers spatial averages and 
could apply to the entire system.

In upcoming studies, we will vary the canopy height to observe 
how these regions are affected and if any of them disappear, espe
cially in conditions where the gap above the canopy is much 
smaller than the heights of the canopy and the microchannel, 
aligning more closely with the work of De Blois et al. (27). In sum
mary, canopy ET shares many features with inertial canopy flow 
despite the different underlying mechanisms.

We should stress that in the current work, the analogy to can
opy inertial turbulence is serving as an inspiration on how to de
scribe canopy ET. A proper connection between the two systems 
would require a more detailed investigation of the governing 
equations. The good description of the mean flow within the can
opy and at its tips by the Brinkman equation and the mixing model 
for all Wi suggests the existence of some kind of self-similarity. 
Something that we are planning to pursue in the upcoming future.

It would also be interesting to test how mixing is affected by 
canopy ET. Recent studies have shown that elastic flow instabil
ities can enhance mixing and reaction kinetics in porous media 
(17) or heat transfer in microchannels (18, 19). We anticipate 
that similar effects could be achieved in the canopy, with the 
potential to adjust mixing by varying the canopy height, pillar spa
cing, or pillar diameter. Additionally, adjusting the channel-to- 
canopy height ratio could help mitigate the increased pressure 
drop caused by ET, thereby reducing the energy required to 
pump the liquid.
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Materials and methods
Microfluidic channel and μ-PIV
A straight microfluidic channel was fabricated in fused silica us
ing selective laser-induced etching (54). The channel had a length, 
width, and height of Lch = 48 mm, W = 3.65 mm, and H = 0.51 mm, 
respectively. A microcanopy composed of a regular array of pillars 
spanned approximately two-fifths of the length of the channel 
starting about 1 cm downstream the inlet and extended over a 
length L = 19.8 cm. Figure 1A shows a sketch of the channel. The 
dimensions of the canopy result in a solidity factor of 
sf = hd/(ΔXp)2 = 0.17 ± 0.005, where d = 0.015 mm and h = 0.27  
mm are the diameter and height of the pillars, and ΔXp = 0.15  
mm is the inter-pillar distance.

We consider the pillars to be rigid, given that fused silica has 
Young’s modulus of E = 73 GPa (29), more than 10 times larger 
than the modulus of the flexible pillars used in (27). Moreover, if 
we use the Euler–Bernoulli beam theory like in Ref. (55), we can ob
tain an effective spring constant for each pillar according to 
k = 8EI/h3 = 77.1 N/m, with I = πd4/4 the second area moment for 
a circular cylinder. This spring constant is almost 10 times larger 
than for the pillars used in Ref. (55), indicating that in our case, the 
pillars are much more rigid. Within the resolution of our record
ings (2 μm/pixel), we do not observe any movement of the tips of 
the pillars during our experiments.

We measured the velocity inside the channel using 
micro-Particle Image Velocimetry (m -PIV) in straddle mode, seed
ing the flow with fluorescent particles (2 μm, R0200, Fluoromax, 
Fischer Scientific, aqueous solution). We measured velocity fields 
both from a side view (x − y plane) and a top view (x − z plane) of 
the channel. In the former case, the focal plane was located at 
the half-width of the channel (z = 0, depth of focus of 68 m m, 
see Fig. 1A top). In the latter case, the focal plane was located at 
the canopy tips (depth of focus 12 m m, see Fig. 3D) or halfway out
side the canopy (depth of focus of 68 m m, Fig. 3D). The flow was 
driven using a single syringe pump (Cetoni) from the inlet side. 
We did not use a second syringe pump at the outlet to avoid a con
traction that resulted in recirculation and unstable flow (56) in ini
tial designs. Therefore, the outlet was connected to a long, thick 
hose with a diameter larger than the channel’s width and height, 
and with its end opened to the atmosphere.

Test fluid
We employed a viscoelastic solution of 89.5 wt% glycerol 
(e-Nacalai) and water (Milli-Q) with 100 ppm of partially hydro
lyzed polyacrylamide (HPAA, 18 MDa, 70:30, Polyscience). We 
used the glycerol-water solvent as a Newtonian reference. The re
fractive index of the solution (nr = 1.4605) was closely matched 
with that of the material of the channel. The solution was pre
pared by first making a buffer solution of HPAA in water and 
mixed it for at least 24 h. We then mixed part of the buffer with 
glycerol and the tracer particles. The solution was mixed using a 
roller mixer until the measured relaxation time was the same 
for samples taken from different locations within the mixture. 
The relaxation time of the fluid was measured to be λ = 4.7 ± 0.4  
s using the capillary break-up method (Haake CaBER). The 
CaBER device was fitted with plates of 6 mm in diameter, with 
an initial and final separation between the plates of 1 and 6 mm, 
respectively. The plates were separated at a constant speed of 
25 mm/s.

The solution was stored in a cold room at 4 ◦C, and we meas
ured its rheological properties before performing the experiments 
to corroborate that the solution had not deteriorated. The flow 

curve of the viscoelastic fluid was measured in a shear stress- 
controlled rheometer (MCR 502, Anton Paar) using a cone-plane 
geometry (1◦ angle at 25 ◦C). The top panel of Fig. 1B shows the 
plot of the viscosity vs. the shear rate. The solution has a moderate 
degree of shear thinning of about a 1-decade decrease in viscosity 
over 5 to 6 decades of shear rate. We fitted the data (black dia
monds in Fig. 1B) with the Carreau–Yasuda model,

(η − η∞)/(η0 − η∞) = [1 + (γ̇/γ̇∗)a]((n−1)/a), 

where η, η0 = 2.33 Pas, and η∞ = 0.16 Pas are the viscosity, the zero 
shear viscosity, and the infinite-shear-rate viscosity, respectively. 
γ̇ is the imposed shear rate, ̇γ∗ = 0.012 1/s is the characteristic shear 
rate for the onset of shear-thinning, n = 0.66 is the “power law ex
ponent,” and a = 0.97 is a nondimensional fitting parameter. The 
shear thinning parameter was calculated as S = 1 − d log σ/d log γ̇, 
where σ = η(γ̇)γ̇ is the shear stress (33, 57). The density of the 

liquid ρ = 1,230.7 kg/m3 was interpolated from literature 
values (35).

Pressure drop measurements
To measure the pressure drop, we used a bidirectional pressure 
transducer (±15 psi, Omega) connected to the inlet and outlet of 
the channel via T-junctions. The total distance over which we 
measured the pressure drop was 15 cm, because of the 
T-junctions. However, our estimates indicate that the main pres
sure drop originates from the microfluidic channel, particularly 
under laminar flow conditions.
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