
This journal is © The Royal Society of Chemistry 2022 Soft Matter, 2022, 18, 5239–5248 |  5239

Cite this: Soft Matter, 2022,

18, 5239

Crack patterns of drying dense bacterial
suspensions†

Xiaolei Ma, *a Zhengyang Liu,a Wei Zeng,ab Tianyi Lin,a Xin Tianc and
Xiang Cheng *a

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.

1 Introduction

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 a self-propelled
cytoskeleton,1,2 swarms of bacteria3–5 and clusters of synthetic
active colloids6–8 can be categorized as active matter, which
exhibit fascinating statistical and mechanical properties that
have drawn tremendous attention in recent years due to their
fundamental and technical interests.9–11 While extensive stu-
dies have been conducted to understand the emergent collec-
tive dynamics of active matter in fluid states,12,13 it is still
unclear whether and how the local activity affects the macro-
scopic 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,14 spreading of disease15 and
food hygiene16 to interbacterial competition for survival,17

coating and self-assembly.18–20 The active swimming of bacteria
can profoundly modify the complex interplays between solid,
liquid and 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.18–22 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 bacterial films formed by
drying dense bacterial suspensions remain elusive, despite the
fact that such instabilities and the resulting crack patterns have
been extensively investigated in counterpart passive particle
systems.23–32

Here, we explored the effect of bacterial swimming on the
mechanical instabilities and desiccation crack patterns of
dense consolidating 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 water.33

As a control, we also examined a mutant strain of E. coli that
shows only tumbling. Below, we shall refer to the wild-type
E. coli as a swimmer and the mutant E. coli as a tumbler. 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 elastic 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
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cracks are initiated by the local order structure induced by the
collective swimming of wild-type E. coli. In contrast, the spiral-
like cracks arise from a dynamic interplay between the cracking
and delamination of the drying films of immotile bacteria. Our
study unambiguously demonstrates the crucial effect of bacter-
ial swimming on the mechanical instabilities of consolidating
bacterial films and illustrates the unique features of active
matter in infamously complicated drying processes. Our results
are also helpful for deciphering different desiccation crack
patterns of the dried bacterial films encountered in natural
and engineering processes.

2 Experiment

We used two different E. coli strains with distinct swimming
behaviors in our experiments, i.e., a wild-type strain of swim-
mers (BW25113) and a mutant strain of tumblers (RP1616). The
two strains share a similar body geometry, which has an
average length of 3–4 mm and an average width of 0.8 mm
(Fig. 1a and d). The culturing protocols of the two strains are
detailed elsewhere.4,5 In addition, we have also studied the
drying behaviors of the suspensions of dead swimmers. The
dead bacteria were obtained from the suspensions of active
wild-type swimmers sitting in sealed micro-centrifuge tubes for
at least four days. The bacteria were confirmed to be immotile
from direct optical microscopy. To avoid any potential compli-
cation due to the change of the buffer quality over the long
waiting, we washed the dead bacteria and resuspended them in
DI water at a targeted concentration before each experiment.

In a typical experiment, we prepared a suspension of bac-
teria with an initial volume fraction fi of 10–20%. A micro-
scopic glass slide cleaned with DI water and dried using a
blowgun was used as the substrate, which was hydrophilic with

a water contact angle of E 251. A drop of the suspension with
an initial volume Vi of 2–3 mL 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 1C with a relative humidity of RH = 30 � 4%. We used a
scanning electron microscope (SEM) to image the microstruc-
tures of dried bacterial deposits, and an optical non-contact
profilometer to measure the temporal evolution of the 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 suspen-
sions of wild-type swimmers (Fig. 1b and c). Fig. 2a–f show the
snapshots of different stages during the formation of circular
cracks by drying a drop of a swimmer suspension with Vi =
2.5 mL and fi = 13%. After the drop was deposited on the
substrate (Fig. 2a), evaporation initially occurred predomi-
nantly near the pinned contact line of the drop, driving the
formation of a compaction front where the concentration of
bacteria increased drastically from fi in the bulk fluid to that
close to the random close packing in the consolidating film f.
The compaction front displayed an approximately constant
length L (Fig. 2g), and continuously moved toward the center
of the drop over a time interval of 414 s (Fig. 2b and Video S1 in
the ESI†). After the passing of the compaction front, the
bacterial film was wet and gel-like and continued 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 stress34 (Fig. 2c and h), which then
propagated along a circular path (Fig. 2d and e) over a short
interval of about 73 s in a stick-slip fashion and eventually

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 Vi =
2.5 mL. Bacterial volume fraction fi = 14%. The corresponding height profiles
of the deposits are shown in (c) for swimmers and in (f) for tumblers.

Fig. 2 Snapshots (a)–(f) show the characteristic stages during the for-
mation of circular cracks by drying a drop of the wild-type swimmers with
Vi = 2.5 mL and fi = 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. Image
(h) shows the zoom-in view of the first 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. Scale bars in (g)–(j) are 250 mm. Video S1 in
the ESI† shows the complete drying process corresponding to (a)–(f).
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formed the circular cracks (Fig. 2f). Accompanying the crack
propagation, the film also delaminated radially toward the
center of the drop as indicated by interference fringes in
Fig. 2i and j.

To interpret the circular cracks of wild-type swimmers, we
calculate the stress distributions in the consolidating bacterial
film. Fig. 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 continu-
ously decreasing local liquid pore pressure Ppore over time. As
evaporation 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, Ppore satisfies a one-
dimensional diffusion equation with z = 0 defined at the top
surface of the film as follows:35,36

@Ppore

@t
¼ kE

Z
@2Ppore

@z2
; (1)

where Z E 10�3 Pa s is the dynamic viscosity of water and E is
the Young’s modulus of the dehydrated film on a glass sub-
strate. We estimated E B 100 MPa based on our direct
measurement using atomic force microscopy, which is consis-
tent with the reported modulus of an isolated dehydrated
bacterium.37 Although the Young’s moduli of isolated bacteria
and bacterial films are of the same order of magnitude at the
microscopic scales, the latter is generally larger depending on
the substrate stiffness, humidity, bacterial type and even
the fitting model.38–41 Here, k is the permeability of the film,

which is given by the Carman–Kozeny relationship k ¼

1

45

1� fð Þ3

f2
a2 � 10�15 m2, f E 0.7 is the packing fraction of

bacteria (Appendix C) and a E 1 mm is the characteristic size of
bacteria. The initial condition is Ppore (z, 0) = Patm, where Patm =
105 Pa is the atmospheric pressure. The boundary condition
is qPpore/qz|z=0 = �ZVE/k, where VE is the steady surface eva-
poration rate. The evaporation rate is expressed as

VE ¼ Dw

R

nwsat

nw
AðyÞð1� RHÞ,42 where Dw = 25 � 10�6 m2 s is

the diffusion coefficient of water into air at room temperature,
R E 2 mm is the drop radius pinned at the contact line, nwsat =
0.02 kg m�3 is the water density in the vapor at the air–water

interface, nw = 1 � 103 kg m�3 is the water density in the bulk
liquid, A(y)E 1.3 for a contact angle of yE 251, and the relative
humidity is RH E 30%. Therefore, VE is B 5 � 10�7 m s�1.
Solving eqn (1), we have Ppore given by43

Ppore(z, t) = Patm � P*(z, t), (2)

where

P�ðz; tÞ ¼ 2ZVE

k

ffiffiffiffi
ct

p

r
e
�z2

4ct þ z

2
erfc

�zffiffiffiffiffiffiffi
4ct

p
� �" #

(3)

represents the deviation of the pore pressure from the atmo-
spheric pressure. Here, c � Ek/Z is a constant.

During consolidation, a film is constricted by the substrate;
thus the out-of-plane strain ezz is significantly larger than the
in-plane strain err + eyy driven by shrinkage. Fig. 3b shows the
temporal variation of the height profile h(r) along a diameter of
a consolidating film from 10 min to 19 min, during which a
circular crack forms as indicated by the sharp drop of h at
rE 1.4 mm. The film thickness h decreases significantly during
this period, whereas the in-plane contraction is negligible,
suggesting that ezz c err + eyy. 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
szz { srr + syy.

36,42 The same strain and stress conditions have
also been applied in modeling the drying of colloidal suspen-
sions on rigid glass substrates.28

The in-plane stress components srr and syy responsible for
crack formation are correlated with the equilibrium condition
of the stress field in the cylindrical coordinate:

@srr
@r

þ 1

r
srr � syyð Þ ¼ 0: (4)

Using the Biot constitutive relationship of homogeneous
and isotropic solids35 under approximations of ezz c err + eyy
and szz { srr + syy, we have (eqn (A3) in Appendix A):

srr þ syy ¼
2P�ð1� 2nÞ

1� n
; (5)

where n is Poisson’s ratio of the bacterial film. Given the
boundary condition srr|r=R = P*, srr and syy can be analytically

Fig. 3 (a) Illustration of the geometry of a drying drop. (b) The temporal variation of the height profile h of a drying wild-type swimmer drop (Vi = 2.5 mL
and fi = 14%) along its diameter from t = 10 min to t = 19 min during which a circular crack forms. The inset shows the segment of the circular crack at
rE 1.4 mm near the scanned region. (c) In-plane stress components srr and syy from eqn (6) and (7) as a function of t at r* = 0.75R, where R = 2mm is the
radius of the drying drop.
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solved with eqn (4) and (5) (eqn (A6) and (A7) in Appendix A):

srr ¼ P�h ir
2ð2n � 1Þ � R2n

r2ðn � 1Þ ; (6)

syy ¼ P�h ir
2ð2n � 1Þ þ R2n

r2ðn � 1Þ ; (7)

where hP*i the film-thickness-averaged liquid pressure
(eqn (A5) in Appendix A).

It has been shown that biofilms including those of E. coli
behave mechanically similar to polymeric materials, which
have Poisson’s ratios n ranging between 0.4 and 0.5. The range
has been adopted in many previous experimental, numerical
and theoretical studies on biofilms.38,44–50 Here, we took the
lower bound of n = 0.4 to accommodate the condition that the
bacteria film was still undergoing drying at the point of crack-
ing. Choosing any value between 0.4 and 0.5 would not quali-
tatively change our results. With RE 2 mm and hE 20 mm (the
thickness of the film at which the crack is generated, see
Fig. 3b), eqn (6) and (7) predict the spatiotemporal stress
distributions within the drying film.

Fig. 3c shows srr(r*, t) and syy (r*, t) at a fixed location r* =
0.75R where the cracks formed in the experiment. Note that srr
is tensile (srr 4 0) and reaches sc B 105 Pa when t 4 200 s,
suggesting the formation of the cracks in the circumferential
direction at large times. Here, sc is the critical stress for
cracking, which can be estimated based on the critical film
thickness at which cracks form (Appendix B). In comparison,
syy is compressive (syy o 0), precluding the formation of cracks
in the radial direction that are commonly observed in the
drying films of colloidal suspensions42,51 based on the princi-
ple of fracture mechanics. Note that for drying the colloidal
suspensions with a typical Poisson’s ratio of n = 0.2,52–55 syy 4 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. Fig. 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.4,5 Such a coherent dynamic
structure was preserved throughout the drying course and gave
rise to the local order packing of bacteria in the dried deposit as
indicated 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
propagate along the order direction of underlying microstruc-
tures due to the least resistance to release stress during crack
propagation.27 In the simple case of drying suspensions of
colloidal ellipsoids 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
deposits.27 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 of the drying film at large
scales is still isotropic. Thus, upon nucleation and after the size
of the initial crack reaches the scale of a single swarming
vortex, the drying film can be treated as a homogeneous
medium with isotropic mechanical properties for the propaga-
tion of cracks at large scales. The radial tensile stress calculated
in our simple homogeneous model (eqn (6)) should then be
valid, which directs the propagation of cracks and eventually
leads to the formation of circular cracks in the dried deposit.

Finally, Fig. 2i and 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,56 the in-plane tensile
stress srr 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 delamination from the edge of the drop to
the center of the drop once the accumulated stress is beyond
the critical stress for delamination.43,56,57 We estimated both
the critical stress for cracking sc and the critical stress for
delamination sd (Appendix B), which are of the same order of
magnitude of B105 Pa. Hence, immediately following the
formation of the circular cracks, the film delaminated from

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 the ESI† shows the 2D flow field of the drying
swimmer suspension corresponding to (a).
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the new crack surface toward the center of the drying drop.
Fig. 1c shows the height profile of a completely dried swimmer
film, which quantitatively illustrates the extent of film delami-
nation. The part of the film close to the inner edge has a height
of over 90 mm above the substrate (the red color), while the
thickness of the bacterial film near the pinned contact line (the
blue color) and in the final stage of the drying process before
delamination (Fig. 3b) is less than 30 mm.

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 tumblers and dead swimmers. Neither of the two types
of bacteria 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 Fig. 1d–f and 6.

Fig. 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 Vi = 2.5 mL and fi = 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 the ESI†). As
the accumulated stress reached the material strength, hairpin-
shaped cracks facing the center of the drying film first appeared
(boxed regions in Fig. 7c and d), which simultaneously initiated
the delamination of the film between the two arms of the
hairpins (interference fringes in Fig. 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 (Fig. 7e and j). The crack in turn created a new surface for
further delamination. This cycle of cracking and delamination
repeated with time until the cracks initiated by different hair-
pins met, which ultimately resulted in the spiral-like crack
pattern shown in Fig. 7f. Thus, the spiral-like cracks of immo-
tile 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). Fig. 1f further shows
the height profile of the dried deposit of tumblers. By compar-
ing Fig. 1c and f, one can see that, near the inner drop edge, the
degree of the delamination of the deposit of swimmers was
much stronger than that of tumblers. The observation indicates
that the dried deposit of active swimmers was thicker near the
edge than that of immotile tumblers, as the bending moment
responsible for film delamination is proportional to the film
thickness.58 Thus, from the conservation of the number of
bacteria, the thickness of the deposit 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 (compar-
ing Fig. 1b and e). The more uniform deposit of tumblers likely
arose due to the underlying uniform amorphous 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 suspen-
sions of mutant tumblers and dead wild-type swimmers
demonstrate that the local order structure driven by the

Fig. 5 Schematic illustration of the delamination of a consolidating
swimmer film in the radial direction driven by the gradient of the tensile
stress srr across the film thickness.

Fig. 6 Bright-field images of the dried deposits of drops of mutant
tumblers (a) and dead wild-type swimmers (b) with Vi = 2.5 mL and fi = 14%.

Fig. 7 Snapshots (a)–(f) show the characteristic stages during the for-
mation of spiral-like cracks by drying a tumbler drop with Vi = 2.5 mL and
fi = 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 first 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 direction
as indicated by the arrow. The scale bars in (g)–(j) are 400 mm. Video S3 in
the ESI† shows the complete drying process corresponding to (a)–(f).
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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 microorganisms.

4 Discussion and conclusions

It is interesting to compare the similarities and differences
between the crack patterns of drying bacterial suspensions and
drying suspensions of colloidal ellipsoids. First, counterintui-
tively, the crack pattern of immotile bacteria is different from
that of colloidal ellipsoids. In the drying suspensions of colloi-
dal ellipsoids, driven by the hydrodynamic torque of the
capillary flow, the ellipsoids 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, this order structure gives rise to
circular cracks in the dried deposit.27 In contrast, immotile
bacteria show an amorphous structure 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 different. We hypothe-
size that the amorphous structure of bacterial films arises
because of the presence of randomly orientated flagella 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 the
drying suspensions of wild-type swimmers and suspensions of
colloidal ellipsoids, the underlying mechanisms are quite dif-
ferent. As discussed in the previous paragraph, the circular
cracks of colloidal ellipsoids form due to the nematic order of
particles near the pinned contact line.27 While swimming
bacteria do form a local order structure in the form of swarm-
ing vortices, the structure 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 srr and the compressive stress along the azimuthal
direction syy, 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 suspensions. 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 mechanics 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
intriguing pattern stems from the complex interplay between
cracking, delamination, film geometry and anisotropic drying stres-
ses. The detailedmechanism of this complicated process is an open
question for future research. It should be noted that our simplified
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 theoretical studies on drying
active matter in the future.

Taken together, our results elucidate the critical role of the
microscopic bacterial activity on the macroscopic mechanical
instabilities and pattern formation of consolidating bacterial films.
Practically, our study provides insights into diverse biological,
environmental and industrial processes associated with drying
bacterial suspensions, such as the spreading of pathogens, biofilm
formation, painting and coating of biological fluids.
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Appendix A: derivation of the in-plane
stresses rrr and rhh

For linearly poroelastic solids, the stress and strain are related
by the Biot constitutive equation as follows:35,59

eij ¼ 1þ n
E

sij �
n
E
skkdij þ

a Ppore � Patm

� �
3K

dij

¼ 1þ n
E

sij �
n
E
skkdij �

aP�

3K
dij ;

(A1)

Fig. 8 (a) Bright-field image of a dried tumbler deposit with Vi = 2.5 mL and fi = 20%. (b) and (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 Vi = 2.5 mL and fi = 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).
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where a E 1 is the Biot–Willis coefficient,59 n and K =
E/3(1 � 2n) are Poisson’s ratio and the bulk modulus of the
film, respectively. Here, E is the Young’s modulus of the film.
P* = P*(z, t) is given by eqn (3) in the main text. (i, j) take the
values of (r, y, z) in a cylindrical coordinate system. Accordingly,
skk = srr + syy +szz.

Summing up the three principle strains according to
eqn (A1) under the approximations ezz c err + eyy and
szz { srr + syy explained in the main text leads to

ezz ¼
1

3K
srr þ syyð Þ � P�

K
: (A2)

In combination with ezz ¼ �n
E
ðsrr þ syyÞ �

P�

3K
from

eqn (A1), we have

syy þ srr ¼
2P�

3K
1

3K
þ n
E

� � ¼ 2P�ð1� 2nÞ
1� n

: (A3)

Plugging eqn (A3) into eqn (4) in the main text leads to

r
@srr
@r

þ 2srr ¼ 2P� 2þ 1

n � 1

� �
: (A4)

Since P shows small variations across the film thickness, we
calculate the film-thickness-averaged liquid pressure to remove

the weak z dependence

P�h i ¼ 1

h

ð0
�h

2ZVE

k

ffiffiffiffiffiffiffiffi
Ekt
pZ

s
e

�z2

4Ekt=Z � ZVEz

k
erfc

�z

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ekt=Z

p
 !2

64
3
75dz

¼ VEEt

h
1þ he

�
h2

4ctffiffiffiffiffiffiffi
pct

p � h2 þ 2ct

2ct
erfc

h

2

ffiffiffiffi
1

ct

r !2
6664

3
7775;

(A5)

where c � Ek/Z.
The stress boundary condition at r = R is s�n̂|r=R = srr|r=R =

Patm � Ppore = P*.23 Applying the condition and replacing P*
with hP*i (eqn (A5)), eqn (A4) can be solved:

srr ¼ P�h ir
2ð2n � 1Þ � R2n

r2ðn � 1Þ : (A6)

Plugging eqn (A6) into eqn (A5) in the main text yields

syy ¼ P�h ir
2ð2n � 1Þ þ R2n

r2ðn � 1Þ : (A7)

Appendix B: critical stress for cracking
rc and delamination rd

An evaporation-driven consolidating film is prone to crack to
release the excess stress once the accumulated stress is beyond
the critical stress sc. The value of sc can be determined by

Fig. 9 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 rE 0.35 mm in (c) and at rE 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 Fig. 1c
and f.
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measuring the corresponding critical film thickness hc as
follows:60,61

sca
2g

¼ 0:1877
2a

hc

� �2=3
GMcfa

2g

� �1=3

; (B1)

where G ¼ Eb

2 1þ nbð Þ is the shear modulus of bacteria, Eb and nb

are the Young’s modulus and Poisson’s ratio of the dehydrated
bacteria, a is the characteristic radius, g is the surface tension,
Mc is the coordination number, and f is the 3D packing
fraction. To measure hc, we prepared drops of bacterial suspen-
sions with Vi = 2.5 mL and various fi, and deposited them on
glass substrates for drying to obtain the dried deposits of
different thicknesses.

Fig. 9 shows the measurements of the height profiles along
the diameters of two dried deposits of swimmer drops (Fig. 9a–c)
and two dried deposits of tumbler drops (Fig. 9d–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
thickness. The critical film thickness for cracking, hc, should lie
between 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 Fig. 9c and f, which gave the estimate
hc E 13 mm for swimmers and hc E 12.5 mm for tumblers.
Plugging the typical values of Eb = 300 MPa,37 nb = 0.237 a =
1 mm, g = 72 mN m�1, Mc = 6, and f E 0.7 for swimmers or
f E 0.6 for tumblers (Appendix C) into eqn (B1), we have the
critical stress sc B 105 Pa for both swimmers and tumblers.

The critical stress for film delamination sd can be estimated
by62

sd ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
2EGd

hd

s
; (B2)

where Gd is the adhesion strength of the film, E and hd are the
Young’s modulus and critical delamination thickness of the
film, respectively. Although it is challenging to directly measure
the adhesion between an evaporation-driven consolidating
bacteria film and a glass substrate, the adhesion strength for
most biofilms is of the order of magnitude of 5 mJ m�2.50,63–67

Here, the Young’s modulus of the dehydrated bacteria films
can be estimated as E B 100 MPa. In our experiments, the film
delamination and cracking developed nearly simultaneously.
Therefore, we simply took hd E hc E 13 mm. Plugging the
values of Gd, E and hd into eqn (B2) yields sd B 105 Pa for
swimmer films, which is of the same order of magnitude as sc.
Following the same analysis, sd of tumbler films is also the
same order of magnitude at B105 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 relationship between the 3D

packing fraction f and the 2D area fraction f2d. Assuming a
cylindrical shape of a bacterial body with a length of lb and a
radius of rb. The volume of the bacterial body is V0 = prb

2lb and
the cross-sectional area of the body along its major axis is
A0 = 2rblb. 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 (Fig. 4 and 8). The
number of bacteria within the layer is N. The 2D area fraction

within the layer is given by f2d ¼ NA0

KW
¼ 2Nrblb

KW
, whereas the 3D

volume fraction is f ¼ NV0

KW2rb
¼ Nprblb

2KW
. Thus, f ¼ p

4
f2d. We

experimentally measured f2d for wild-type swimmers based on
the SEM images (Fig. 4b), which gives f2d E 0.96. Conse-
quently, f E 0.75. We note that the experimental f is slightly
larger than the theoretical maximum values of the 3D random
packing fraction of rigid cylinders (E0.7),68–70 which is likely
due to the local order structure of bacteria and the approxi-
mation taken in our estimate. Similarly, we also measured the
2D area fraction of tumblers in the dried deposit, which gives
f2d E 0.75. Thus, the 3D packing fraction of tumblers is

f ¼ p
4
f2d 	 0:59, which is smaller than the 3D packing fraction

of the wild-type swimmers as expected.
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