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Introduction

Crack patterns of drying dense bacterial suspensions’

Xiaolei Ma,** Zhengyang Liu,* Wei Zeng,“® Tianyi Lin,% Xin Tian, and Xiang Cheng*¢

Drying of bacterial suspensions is frequently encountered in a plethora of natural and engineering
processes. However, the evaporation-driven mechanical instabilities of dense consolidating bacterial
suspensions have not been explored heretofore. Here, we report the formation of two different crack
patterns of drying suspensions of Escherichia coli (E. coli) with distinct motile behaviors. Circular
cracks are observed for wild-type E. coli with active swimming, whereas spiral-like cracks form for
immotile bacteria. Using the elastic fracture mechanics and the poroelastic theory, we show that the
formation of the circular cracks is determined by the tensile nature of the radial drying stress once
the cracks are initiated by the local order structure of bacteria due to their collective swimming. Our
study demonstrates the link between the microscopic swimming behaviors of individual bacteria and
the mechanical instabilities and macroscopic pattern formation of drying bacterial films. The results
shed light on the dynamics of active matter in a drying process and provide useful information for
understanding various biological processes associated with drying bacterial suspensions.

Active matter is a class of nonequilibrium systems consisting of
autonomous units that convert local internal or ambient free
energy into mechanical motions. A large number of biological
and physical systems including suspensions of self-propelled cy-
toskeleton 12, swarms of bacteria3~> and clusters of synthetic ac-
tive colloids®® can be categorized as active matter, which ex-
hibit fascinating statistical and mechanical properties that draw
tremendous attention in recent years due to their fundamental
and technical interests®~1. While extensive studies have been
conducted in understanding the emergent collective dynamics of
active matter in fluid states13, it is still unclear whether and
how local activity affects the macroscopic mechanical properties
of consolidating active matter during a drying process.

Drying of bacterial suspensions as a premier model of active
matter plays a crucial role in many biological, environmental and
industrial processes and influences diverse phenomena ranging
from biofilm formation !4, spreading of disease!® and food hy-
giene 1° to interbacterial competition for survivall?, coating and
self-assembly 1820, The active swimming of bacteria can pro-
foundly modify the complex interplays between solid, liquid and
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vapor phases as a suspension passes from a fluid to a solid state
during drying, giving rise to the unusual growth dynamics and
morphologies of “coffee rings” in dried deposits 1822, However,
these existing studies are all limited to the dilute limit of bacterial
suspensions, where bacteria are deposited near the edge of drying
drops. The mechanical instabilities of thick consolidating bacte-
rial films formed by drying dense bacterial suspensions remain
elusive, despite that such instabilities and the resulting crack pat-
terns have been extensively investigated in counterpart passive
particle systems23-32,

Here, we explored the effect of bacterial swimming on the me-
chanical instabilities and desiccation crack patterns of dense con-
solidating bacterial suspensions. We used a wild-type strain of
Escherichia coli (E. coli) as our model bacteria, which display the
classic run-and-tumble swimming in water33. As a control, we
also examined a mutant strain of E. coli that show only tumbling.
Below, we shall refer to the wild-type E. coli as swimmers and the
mutant E. coli as tumblers. While spiral-like cracks were found in
the dried deposits of tumblers and dead swimmers, we observed
circular cracks in the dried deposits of swimmers. Using the elas-
tic fracture mechanics and the poroelastic theory, we showed that
the circular cracks form due to the tensile nature of the radial
drying stress once the cracks are initiated by the local order struc-
ture induced by the collective swimming of wild-type E. coli. In
contrast, the spiral-like cracks arise from a dynamic interplay be-
tween cracking and delamination of the drying films of immotile
bacteria. Our study unambiguously demonstrates the crucial ef-
fect of bacterial swimming on the mechanical instabilities of con-
solidating bacterial films and illustrates the unique features of
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Fig. 1 Schematics of a wild-type E. coli with run-and-tumble motion (a)
and a mutant E. coli with tumbling motion only (d). Bright-field images
of the dried deposits of a drop of the wild-type swimmer suspension (b)
and a drop of the mutant tumbler suspension (e). Drop volume V; =
2.5 uL. Bacterial volume fraction ¢; = 14 %. The corresponding height
profiles of the deposits are shown in (c) (swimmer) and (f) (tumbler).

active matter in infamously complicated drying processes. Our
results are also helpful for deciphering different desiccation crack
patterns of dried bacterial films encountered in natural and engi-
neering processes.

2 Experiment

We used two different E. coli strains with distinct swimming be-
haviors in our experiments, i.e., a wild-type strain of swimmers
(BW25113) and a mutant strain of tumblers (RP1616). The two
strains share a similar body geometry, which has the average
length of 3-4 um and the average width of 0.8 um (Figs. 1a and
d). The culturing protocols of the two strains are detailed else-
where5. In addition, we have also studied the drying behaviors
of suspensions of dead swimmers. The dead bacteria were ob-
tained from suspensions of active wild-type swimmers sitting in
sealed micro-centrifuge tubes for at least four days. The bacte-
ria were confirmed to be immotile from direct optical microscopy.
To avoid any potential complication due to the change of buffer
quality over the long waiting, we washed the dead bacteria and
resuspended them in DI water at the targeted concentration be-
fore each experiment.

In a typical experiment, we prepared a suspension of bacteria
with an initial volume fraction ¢; of 10-20%. A microscope glass
slide cleaned with DI water and dried by a blowgun was used as
the substrate, which was hydrophilic with a water contact angle ~
25°. A drop of the suspension with an initial volume V; of 2-3 uL
was gently deposited onto the substrate for drying. A bright-field
inverted microscope was used to image the drying process at a
frame rate of 1-20 fps. All experiments were performed at a room
temperature of 20 + 2 °C with a relative humidity of RH =30+
4%. We used a scanning electron microscope (SEM) to image the
microstructures of dried bacterial deposits, and an optical non-
contact profilometer to measure the temporal evolution of the
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Fig. 2 Snapshots (a)-(f) show the characteristic stages during the for-
mation of circular cracks by drying a drop of wild-type swimmers with
Vi= 2.5 uL and ¢; = 14%. The drying process lasted about 10 min be-
fore the film completely dried. Image (g) shows the zoom-in view of the
red boxed area in (b), where L indicates the width of the compaction
front. Image (h) shows the zoom-in view of the firstly initiated crack in
the boxed region in (c). Images (i) and (j) show the zoom-in views of
regions near cracks in the boxes in (e) and (f), respectively. The scale
bars in (g)-(j) are 250 um. Video S1 in ESI" shows the complete drying
process corresponding to (a)-(f).

height profiles of drying bacterial films.
3 Results

3.1 Circular cracks of wild-type swimming bacteria

We observed circular cracks in the dried deposits of suspensions of
wild-type swimmers (Figs. 1b and c). Figures 2a-f show the snap-
shots of different stages during the formation of circular cracks
by drying a drop of a swimmer suspension with V; = 2.5 uL
and ¢; = 13%. After the drop was deposited on the substrate
(Fig. 2a), evaporation initially occurred predominantly near the
pinned contact line of the drop, driving the formation of a com-
paction front where the concentration of bacteria increased dras-
tically from ¢; in the bulk fluid to that close to the random close
packing in the consolidating film ¢. The compaction front dis-
played an approximately constant length L (Fig. 2g), and contin-
uously moved toward the center of the drop over a time interval
of 414 s (Fig. 2b and Video S1 in ESI"). After the passing of the
compaction front, the bacterial film was wet and gel-like and con-
tinued to undergo evaporation along the top surface of the film,
leading to the accumulation of stress. Once the critical material
strength was reached around 427 s, cracks were initiated near the
edge of the film to release the excess stress 34 (Figs. 2¢ and 2h),
which then propagated along a circular path (Figs. 2d-2e) over
a short interval of about 73 s in a stick-slip fashion and eventu-
ally formed the circular cracks (Fig. 2f). Accompanying the crack
propagation, the film also delaminated radially toward the drop’s
center as indicated by the interference fringes in Figs. 2i-2j.

To interpret the circular cracks of wild-type swimmers, we cal-
culate the stress distributions in the consolidating bacterial film.
Figure 3a illustrates the geometry of a consolidating film in a
cylindrical coordinate. Drying stress was accumulated in the film
behind the compaction front in response to the continuously de-
creasing local liquid pore pressure P,,. over time. As evapora-
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Fig. 3 (a) lllustration of the geometry of a drying drop. (b) The temporal variation of the height profile & of a drying wild-type swimmer drop (V; =
2.5 ul, ¢; = 14%) along its diameter from r = 10 min to 7 = 19 min during which a circular crack forms. The inset shows the segment of the circular
crack at r~ 1.4 mm near the scanned region. (c) The in-plane stress components o, and Ggg from Egs. 6 and 7 as a function of ¢ at r* =0.75R,

where R =2 mm is the radius of the drying drop.

tion proceeded, the film became flat and thin and evaporation
predominantly occurred at the top surface of the film in the late
stage of drying. Therefore, Py, satisfies a one-dimensional diffu-
sion equation with z = 0 defined at the top surface of the film 3°:36:

aPpore _ LE azppore 7 1)

ot n 972

where 1 ~ 1073 Pa-s is the dynamic viscosity of water and E is
the Young’s modulus of the dehydrated film on glass substrate.
We estimated E ~ 100 MPa based on our direct measurement
using atomic force microscopy, which is consistent with the re-
ported modulus of an isolated dehydrated bacterium37. Although
the Young’s moduli of isolated bacteria and bacterial films are of
the same order of magnitude at the microscopic scales, the lat-
ter is generally larger depending on substrate stiffness, humidity,
bacterial type and even the fitting model3®4!. Here, K is the
permeability of the film, which is given by the Carman-Kozeny
relation x = %%az ~ 1071 m?, ¢ ~ 0.7 is the packing frac-
tion of bacteria (Appendix C) and a ~ 1 um is the character-
istic size of bacteria. The initial condition is P,y (z,0) = Parm,
where P, = 10° Pa is the atmospheric pressure. The bound-
ary conditions is dPpore/dz|;=0 = —NVE /K, where Vg is the steady
surface evaporation rate. The evaporation rate is expressed as
Vi = Ge s pA(6)(1— RH)*2, in which Dy, =25 x107° m? s is
the diffusion coefficient of water into air at the room tempera-
ture, R ~ 2 mm is the drop radius pinned at the contact line,
nwsar = 0.02 kg/m? is the water density in the vapor at the air-
water interface, n,, = 1 x 103 kg/m?> is the water density in the
bulk liquid, A(0) ~ 1.3 for a contact angle 6 ~ 25°, and the rela-
tive humidity RH = 30%. Therefore, Vg ~ 5 x 10~/ m/s. Solving
Eq. 1, we have Py, given by*:

Ppore(ZJ):Patm_P*(th)v 2)
where
2nVg ca -2 z < -z >
P*(z,t) = —eda + —erfc 3
(@) =—2 [ p. 5 = 3)

represents the deviation of the pore pressure from the atmo-
spheric pressure. Here, c = Ex/n is a constant.

During consolidation, a film is constricted by the substrate, thus
the out-of-plane strain &, is significantly larger than the in-plane

strain &, + €9¢ driven by shrinkage. Figure 3b shows the temporal
variation of the height profile /(r) along a diameter of a consoli-
dating film from 10 min to 19 min, during which a circular crack
forms as indicated by the sharp drop of & at r ~ 1.4 mm. The film
thickness h decreases significantly during this period, whereas the
in-plane contraction is negligible, suggesting that &;, > &, + €gg.
Furthermore, since the top surface of the film is traction-free, the
deformation of the thin film is predominantly driven by the in-
plane stress, suggesting o.. < oy, + 6pg >**2. The same strain and
stress conditions have also been applied in modeling the drying
of colloidal suspensions on rigid glass substrates28.

The in-plane stress components o, and ocygy responsible for
crack formation are correlated by the equilibrium condition of
the stress field in the cylindrical coordinate:

doyr
ar

1
+;(Grr_069) =0. (€]

Using the Biot constitutive relation of homogeneous and isotropic
solids 3> under the approximations &, > &,, + €99 and 0, < G, +
Ogg, we have (Eq. A3 in Appendix A):

2P*(1-2v)
1—v

; ©)

Orr + Opgg =

where v is Poisson’s ratio of the bacterial film. Given the bound-
ary condition oy, |,—gr = P*, 0, and 6y¢ can be analytically solved
with Egs. 4 and 5 (Egs. A6 and A7 in Appendix A):

2(2v—1)—R%v

Grr:<P*> rz(Vfl)

(6)
r?(2v—1)+R%v

O = (P") -1

7
where (P*) the film-thickness-averaged liquid pressure (Eq. A5 in
Appendix A).

It has been shown that biofilms including those of E. coli behave
mechanically similar to polymeric materials, which have Pois-
son’s ratios v ranging between 0.4 and 0.5. The range has been
adopted in many previous experimental, numerical and theoreti-
cal studies on biofilms3844-50_ Here, we took the lower bound of
v = 0.4 to accommodate the condition that the bacteria film was
still undergoing drying at the point of cracking. Choosing any
value between 0.4 and 0.5 would not qualitatively change our re-
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Fig. 4 (a) Snapshot of the 2D flow field of a swimmer suspension near the compaction front during drying. (b) SEM image of the local order structure
(red arrows) near a segment of a circular crack (yellow arrows) in a dried swimmer deposit. Video S2 in ESI™ shows the 2D flow field of the drying

swimmer suspension corresponding to (a).

sults. With R~ 2 mm and /& ~ 20 um (the thickness of the film
at which the crack is generated, see Fig. 3b), Eqs. 6 and 7 predict
the spatiotemporal stress distributions within the drying film.

Figure 3c shows o,(r*,¢) and opq(r*,t) at a fixed location
r* = 0.75R where the cracks formed in the experiment. Note that
o, is tensile (o, > 0) and reaches o. ~ 10° Pa when 7 > 200 s,
suggesting the formation of the cracks in the circumferential di-
rection at large times. Here, o, is the critical stress for cracking,
which can be estimated based on the the critical film thickness
at which cracks form (Appendix B). In comparison, cgg is com-
pressive (ogg < 0), precluding the formation of cracks in the ra-
dial direction that are commonly observed in the drying films of
colloidal suspensions“%°1 based on the principle of fracture me-
chanics. Note that for drying colloidal suspensions with a typical
Poisson’s ratio of v =0.2,%27>° gy¢ > 0 is tensile, which allows for
the formation of radial cracks.

In addition to changing the mechanical properties of drying
bacterial films, the active swimming of bacteria also modifies the
microscopic structure of the consolidating bacterial films, which
further facilitates the formation of circular cracks. Figure 4a
shows the two-dimensional (2D) flow field of a suspension of
wild-type swimmers near the compaction front during drying,
which exhibits the characteristic swarming vortices induced by
bacterial collective swimming*°. Such a coherent dynamic struc-
ture was preserved throughout the drying course and gave rise to
the local order packing of bacteria in the dried deposit as indi-
cated by the red arrows in Fig. 4b. The circular crack marked by
the yellow arrows propagated through this local order structure.

It has already been shown that drying cracks prefer to propa-
gate along the order direction of underlying microstructures due
to the least resistance to release stress during crack propaga-
tion2’. In the simple case of drying suspensions of colloidal el-
lipsoids where the ellipsoids align parallel to the contact line of
drying films, the effect leads to the formation of circular cracks
along the circumference of dried annular deposits27. In a drying
bacterial film, although the swarming vortices do not align along
the circumference of the drying film, the order structure should
still act locally as a nucleation point, promoting the formation of
the initial crack at small bacterial scales. As swarming vortices are
mesoscopic on the order of a few tens of microns, the structure
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Fig. 5 Schematic illustrating the delamination of a consolidating swim-
mer film in the radial direction driven by the gradient of the tensile stress
o, across the film thickness.

of the drying film at large scales is still isotropic. Thus, upon nu-
cleation and after the size of the initial crack reaches the scale of
a single swarming vortex, the drying film can be treated as a ho-
mogeneous medium with isotropic mechanical properties for the
propagation of cracks at large scales. The radial tensile stress cal-
culated in our simple homogeneous model should then be valid,
which directs the propagation of cracks and eventually leads to
the formation of circular cracks in the dried deposit.

Finally, Figs. 2i-j show that along with the propagation of the
circular cracks, the film also delaminated toward the center of
the drying drop. Owing to the strong humidity gradient across
the film thickness during drying®®, the in-plane tensile stress o,
is localized near the top surface of the film, which gives rise to a
stress gradient across the film as illustrated in Fig. 5. Such a stress
gradient creates a bending moment M, promoting the film delam-
ination from the edge of the drop to the center of the drop once
the accumulated stress is beyond the critical stress for delamina-
tion43-°6:57, We estimated both the critical stress for cracking o
and the critical stress for delamination 6; (Appendix B), which
are of the same order of magnitude of ~ 10° Pa. Hence, imme-
diately following the formation of the circular cracks, the film
delaminated from the new crack surface toward the center of the
drying drop. Figure 1c shows the height profile of a completely-
dried swimmer film, which quantitatively illustrates the extent of
film delamination. The part of the film close to the inner edge has
a height over 90 um above the substrate (the red color), while
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Fig. 6 Bright-field images of the dried deposits of drops of mutant
tumblers (a) and dead wild-type swimmers (b) with V; = 2.5 ulL and
o = 14%.

the thickness of the bacterial film near the pinned contact line
(the blue color), as well as in the final stage of the drying process
before delamination (Fig. 3b), is less than 30 um.

3.2 Spiral-like cracks of immotile bacteria

To verify the role of active swimming in the formation of circular
cracks, we further examined the crack patterns of mutant tum-
blers as well as dead swimmers. Neither of the two types of bac-
teria showed the collective swimming in drying drops. In contrast
to the circular cracks of wild-type swimmers, we observed spiral-
like cracks in the dried deposits of these two types of immotile
bacteria as shown in Figs. 1d-f and 6.

Figures 7a-f show the snapshots of different stages during the
formation of the spiral-like cracks by drying a drop of a tumbler
suspension with V; = 2.5 uL and ¢; = 14 %. The compaction front
of the drying tumbler suspension was significantly wider than that
of the drying swimmer suspension (Fig. 2) and increased in width
over time (comparing Videos S1 and S3 in ESIT). As the accumu-
lated stress reached the material strength, hairpin-shaped cracks
facing the center of the drying film first appeared (boxed regions
in Figs. 7c and d), which simultaneously initiated film delamina-
tion between the two arms of the hairpins (interference fringes in
Figs. 7h and i). Upon the creation of new surfaces by cracking,
the film subsequently delaminated perpendicularly to and outside
the arms of the hairpins and propagated along the circumferential
direction (Fig. 7h). The delamination front showed an arc shape,
which triggered the formation of a crack of the same shape at
the front (Figs. 7e and j). The crack in turn created a new sur-
face for further delamination. This cycle of cracking and delam-
ination repeated with time until the cracks initiated by different
hairpins met, which ultimately resulted in the spiral-like crack
pattern shown in Fig. 7f. Thus, the spiral-like cracks of immotile
bacteria stem from the dynamic interplay between film cracking
and delamination.

Due to the absence of the collective swimming, tumblers were
isotropically distributed in a dried deposit as evidenced in Fig.
8, in contrast to the local order structure in the dried deposit of
wild-type swimmers (Fig. 4b). Figure 1f further shows the height
profile of the dried deposit of tumblers. By comparing Figs. 1c
and f, one can see that, near the inner drop edge, the degree of
delamination of the deposit of swimmers was much stronger than

Soft Matter

Fig. 7 Snapshots (a)-(f) show the characteristic stages during the for-
mation of spiral-like cracks by drying a tumbler drop with V; = 2.5 ulL
and ¢; = 14%. The drying process lasted about 10 min before the film
completely dried. Image (g) shows the zoom-in view of the red boxed
area in (b), where L indicates the width of the compaction front. Images
(h) and (i) show the firstly initiated crack in the boxed regions in (c) and
(d), respectively. Image (j) shows the boxed area in (e), which displays
the propagation of the delamination front along the circumferential di-
rection as indicated by the arrow. The scale bars in (g)-(j) are 400 um.
Video S3 in ESI' shows the complete drying process corresponding to

(a)-(f).

that of tumblers. The observation indicates that the dried deposit
of active swimmers was thicker near the edge than that of im-
motile tumblers, as the bending moment responsible for film de-
lamination is proportional to the film thickness>®. Thus, from the
conservation of the number of bacteria, the thickness of the de-
posit of tumblers should be more uniform than that of swimmers.
The conclusion is further supported by the direct observation that
the extent of the dried deposit of tumblers was larger than that
of swimmers (comparing Figs. 1b and e). The more uniform de-
posit of tumblers likely arose due to the underlying uniform amor-
phous structure of bacteria with a relatively low packing density.
In contrast, swimmers exhibited a local order structure of a high
packing density near the pinned contact line, while maintained
an amorphous structure of a low packing density near the center.

Our systematic control experiments on the drying suspensions
of mutant tumblers and dead wild-type swimmers demonstrate
that the local order structure driven by the collective swimming
of wild-type bacteria plays an important role in the formation of
circular cracks. More broadly, our experiments show that the
crack patterns in the consolidating films of microorganisms can
be tuned by manipulating the swimming behaviors of microor-
ganisms.

4 Discussion and conclusions

It is interesting to compare the similarities and differences be-
tween crack patterns of drying bacterial suspensions and drying
suspensions of colloidal ellipsoids. First, counterintuitively, the
crack pattern of immotile bacteria is different from that of col-
loidal ellipsoids. In drying suspensions of colloidal ellipsoids,
driven by the hydrodynamic torque of capillary flow, the ellip-
soids align with their major axes parallel to the pinned contact
line, which leads to a nematic order structure near the contact
line. As cracks propagate preferably along the order direction,
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Fig. 8 (a) Bright-field image of a dried tumbler deposit with V; =2.5 uL and ¢; = 20 %. (b)-(c) SEM images of an area away from cracks enclosed by
the red box in (a) with different magnifications. (d) SEM image of another dried tumbler deposit with V; =2.5 uL and ¢; = 20 %. (e) The zoom-in
view of the area near a spiral-like crack enclosed by the red box as indicated by the red arrow in (d).

this order structure gives rise to circular cracks in the dried de-
posit?7. In contrast, immotile bacteria show an amorphous struc-
ture in the dried deposit regardless of their relative locations to
cracks (Fig. 8). Such an amorphous structure does not support
the order-induced crack propagation. Hence, the crack patterns
of colloidal ellipsoids and immotile bacteria are qualitatively dif-
ferent. We hypothesize that the amorphous structure of bacterial
films arises because of the presence of randomly orientated flag-
ella and pili on the surface of the body of immotile bacteria, which
prevent immotile bacteria from packing orderly.

Second, although circular cracks were observed in both dry-
ing suspensions of wild-type swimmers and suspensions of col-
loidal ellipsoids, the underlying mechanisms are quite different.
As discussed in the previous paragraph, the circular cracks of col-
loidal ellipsoids form due to the nematic order of particles near
the pinned contact line2”. While swimming bacteria do form a
local order structure in the form of swarming vortices, the struc-
ture does not yield a large-scale system-wide nematic order along
the contact line (Fig. 4). Instead, the large-scale circular cracks
of drying bacterial films form due to the combined effect of the
tensile stress along the radial direction o, and the compressive
stress along the azimuthal direction oyg, as shown by our simple
model.

In conclusion, we investigated the mechanical instabilities of
evaporation-driven consolidating dense bacterial suspensions, a
model system of active matter. Circular cracks were observed in
the consolidating films of wild-type swimming E. coli, which were
followed by film delamination along the radial direction toward
the center of the drying drop. We showed that the circular cracks
are initiated by the local order structure of bacteria, which arises
from the collective swimming of bacteria in the drying suspen-
sions. The propagation of the circular cracks at large scales is then
determined by the tensile nature of the radial drying stress, which
were calculated within the framework of elastic fracture mechan-
ics and poroelastic theory. The tensile radial stress in combination
with the humidity gradient across the film thickness also leads to
the delamination of the consolidating films upon the creation of
the free surface by cracking. Moreover, we also observed spiral-
like cracks in the dried deposits of immotile bacteria. Such an in-
triguing pattern stems from the complex interplay between crack-
ing, delamination, film geometry and anisotropic drying stresses.
The detailed mechanism of this complicated process is an open
question for future research. It should be noted that our sim-
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plified model does not capture all of the factors involved in the
complex active system of swimming bacteria, particularly those
related to biological properties such as quorum-sensing and the
variations of bacterial shapes. We hope our findings and simple
analyses in these particular experimental settings can serve as a
basis for stimulating more experimental, numerical and theoreti-
cal works on drying active matter in the future.

Taken together, our results elucidate the critical role of the
microscopic bacterial activity on the macroscopic mechanical in-
stabilities and pattern formation of consolidating bacterial films.
Practically, our study provides insights into diverse biological, en-
vironmental and industrial processes associated with drying bac-
terial suspensions, such as spreading of pathogens, biofilm forma-
tion, painting and coating of biological fluids.
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Appendix A Derivation of the in-plane stresses o,

and Opo
For linearly poroelastic solids, the stress and strain are related by
the Biot constitutive equation3>°9:
14+v 1% a(PporefpaIM)
&j = E O'ij_EGkkSij‘Fi?’K Sii
1+v \Y aP*
= 5 %~ goudii— 50 (AD)

where a ~ 1 is the Biot-Willis coefficient>”, v and K = E/3(1 —
2v) are Poisson’s ratio and bulk modulus of the film, respectively.
Here, E is the Young’s modulus of the film. P* = P*(z,7) is given
by Eq. 3 in the main text. (i,j) take the values of (r,0,z) in a
cylindrical coordinate system. Accordingly, oy, = 0 + Ogg + 0.

Summing up the three principle strains according to Eq. Al
under the approximations &, >> €, + €gg and o;; < O, + Ggg €Xx-
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plained in the main text leads to:

1 k-
&z = 3K (0rr+ 0gg) — e (A2)
In combination with &, = —% (0, + 0gg) — 5—;( from Eq. Al, we
have: 2P 2P*(1-2v)
* —2v
Ogg + Opr = 1 v o (A3)
3K(3g + %) 1-v

Plugging Eq. A3 into Eq. 4 in the main text leads to:

90,
or

r

1

Since P* shows small variations across the film thickness, we cal-
culate the film-thickness-averaged liquid pressure to remove the
weak z dependence:

0 _2 _
(P*) = 1/ 2nve @e”"’/“ _ Vs erfc : dz
hJ-n K nn K 2\/Ext/n

hz
VgEt he™3@ K2+ 2ct hl1
= 1 - fo| =4/ — A5
|\ ma 2a erc(z cz> ’ (A5)

where ¢ = Ex/n.

The stress boundary condition at r =R iS 0 - A |,—r= Oy |r=r=
Pum — Ppore = P*23. Applying the condition and replacing P* with
(P*) (Eq. A5), Eq. A4 can be solved:

?(2v—1)-R%v

=(P* A
Orr < > }’z(V—l) ( 6)
Plugging Eq. A6 into Eq. 5 in the main text yields:
2(2v—1)+R?
Cgo = (P) M (A7)

r2(v—1)

Appendix B Critical stress for cracking o, and for
delamination oy

An evaporation-driven consolidating film is prone to crack to re-
lease the excess stress once the accumulated stress is beyond the
critical stress o.. The value of o, can be determined by measuring

the corresponding critical film thickness /. as 061
2/3 1/3
oca 2a GM.¢a
2y = 0.1877 (hc) ( 2y ) ; (B1)

where G = ﬁ is the shear modulus of bacteria, E;, and v,
are the Young’s modulus and Poisson’s ratio of the dehydrated
bacteria, a is the characteristic radius, y is the surface tension,
M, is the coordination number, ¢ is the 3D packing fraction. To
measure h., we prepared drops of bacterial suspensions with V; =
2.5 uL and various ¢;, and deposited them on glass substrates for
drying to obtain dried deposits of different thicknesses.

Figure B1 shows the measurements of the height profiles along
the diameters of two dried deposits of swimmer drops (Figs. Bla-
¢) and two dried deposits of tumbler drops (Figs. B1d-f). In both
cases, cracks were initiated in the dried deposits with the larger
film thickness, but not in the deposits with the smaller film thick-

Soft Matter

ness. The critical film thickness for cracking, &, should lie be-
tween these two thicknesses. We simply took the average of the
maximum values of the blue and black curves as indicated by the
dashed lines in Figs. Blc and f, which gave the estimate A, =~ 13
um for swimmers and A, =~ 12.5 um for tumblers. Plugging the
typical values of E, = 300 MPa%7, v, = 0.237 ¢ =1 um, y="72
mN/m, M, = 6, and ¢ ~ 0.7 for swimmers or ¢ ~ 0.6 for tumblers
(Appendix C) into Eq. B1, we have the critical stress o, ~ 10° Pa
for both swimmers and tumblers.

The critical stress for film delamination 6, can be estimated

using2:
2ET,
04 =\ (B2)

where T'; is the adhesion strength of the film, E and &, are the
Young’s modulus and critical delamination thickness of the film,
respectively. Although it is challenging to directly measure the ad-
hesion between an evaporation-driven consolidating bacteria film
and a glass substrate, the adhesion strength for most biofilms is
on the order of magnitude of 5 mJ/m?5%-63-67 Here, the Young’s
modulus of the dehydrated bacteria films can be estimated as
E ~ 100 MPa. In our experiments, the film delamination and
cracking developed nearly simultaneously. Therefore, we sim-
ply took hy; ~ h. ~ 13 um. Plugging the values of 'y, E and hy
into Eq. B2 yields 6, ~ 107 Pa for swimmer films, which is of the
same order of magnitude as o.. Following the same analysis, o,
of tumbler films is also the same order of magnitude at ~ 10° Pa.

Appendix C  Estimate of the 3D packing fraction of
bacteria in dried deposits

To estimate the 3D packing fraction of bacteria in a dried deposit,
we first calculate the relation between the 3D packing fraction ¢
and the 2D area fraction ¢,,. Assuming a cylindrical shape of a
bacterial body with a length of /, and radius of r,. The volume
of bacterial body is V) = nrilb and the cross-sectional area of the
body along its major axis is Ag = 2r,l,. Consider bacteria within a
horizontal layer of length K and width W parallel to the substrate.
We assume that all the bacteria are confined within the layer with
their major axes aligned parallel to the substrate, a configuration
agreeing reasonably well with our SEM images (Figs. 4 and 8).
The number of bacteria within the layer is N. The 2D area frac-
tion within the layer is given by ¢,, = ]Ig—‘a‘,’ = 2%—3’}”, whereas the
3D volume fraction is ¢ = #‘%b = '\é’}(’{,’# Thus, ¢ = F¢py. We
experimentally measured ¢,,; for wild-type swimmers based on
the SEM images (Fig. 4b), which gives ¢,; ~ 0.96. Consequently,
¢ ~ 0.75. We note that the experimental ¢ is slightly larger than
the theoretical maximum values of 3D random packing fraction of
rigid cylinders (~ 0.7) ©8-70, which is likely due to the local order
structure of bacteria and the approximation taken in our estimate.
Similarly, we also measured the 2D area fraction of tumblers in
the dried deposit, which gives ¢»; = 0.75. Thus, the 3D packing
fraction of tumblers is: ¢ = J ¢»4 ~ 0.59, which is smaller than the
3D packing fraction of the wild-type swimmers as expected.
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Fig. B1 Height profiles of two dried swimmer deposits (a and b) and two dried tumbler deposits (d and e) with two different film thicknesses. Cracks
are present in the thicker films in (a) and (d), but not in the thinner films in (b) and (e). The blue and black curves in (c) and (f) represent the height
profiles along the diameters marked by the dashed lines in (a)-(b) and (d)-(e), respectively. The sharp drops of the blue curves at r =~ 0.35 mm in (c)
and at ¥~ 0.3 mm in (f) indicate the presence of cracks. Before delamination at long times, the heights of drying drops are significantly smaller than

those shown in Figs.

1c and 1f.
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