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The rupture of oil gland reservoirs housed near the outer surface
of the citrus exocarp is a common experience to the discerning
citrus consumer and bartenders the world over. These reser-
voirs often rupture outwardly in response to bending the peel,
which compresses the soft material surrounding the reservoirs,
the albedo, increasing fluid pressure in the reservoir. Ultimately,
fluid pressure exceeds the failure strength of the outermost mem-
brane, the flavedo. The ensuing high-velocity discharge of oil
and exhaustive emptying of oil gland reservoirs creates a method
for jetting small quantities of the aromatic oil. We compare this
jetting behavior across five citrus hybrids through high-speed
videography. The jetting oil undergoes an extreme acceleration to
reach velocities in excess of 10 m/s. Through material characteri-
zation and finite element simulations, we rationalize the combi-
nation of tuned material properties and geometries enabling the
internal reservoir pressures that produce explosive dispersal, find-
ing the composite structure of the citrus peel is critical for microjet
production.

natural fluid dispersal | biomaterial failure | pressure-vessel rupture |
Newtonian jet instability | droplet velocity

iquid microjets have been of interest to the engineering com-

munity for their use in inkjet printers (1, 2), drug delivery (3,
4), microfabrication (5, 6), and chemical synthesis (7). Micro-
jet technologies have been made possible by careful control of
piezoelectric drivers, microfabrication of precision nozzles, and
tuned fluid properties (8-10). It is critical to control the breakup
distance of these jets so the drops they produce find the intended
location. Technologies that produce microjets require precision-
machined parts, pumps, and electronic controls, which carry a
large cost and complexity.

While studies of synthetic microjet production and use
abound, few studies have considered microjets in nature, which
may provide alternative methods for robust jet production
through the clever choice of material and geometry and with-
out cumbersome supporting systems. Examples of microjets in
nature include spitting termites of the subfamily Nasutitermiti-
nae, which spit a viscous salivary toxin in defense of invertebrate
attackers (11, 12), and spitting spiders, Scytodes thoracica, emit
venomous silk from vibrating fangs to snare prey (13). Outside
the realm of arthropods, jetting in nature is commonplace and
includes urination in mammals (14), spitting of venomous snakes
(15), and squirting cucumbers (16), but these examples do not
approach the microscale.

More common to the human experience is the peeling of a
citrus fruit, which produces a strong citrus aroma and wet fin-
gers. Upon careful observation, the peeler can witness ephemeral
atomization of oils contained in the peel. A widespread tech-
nique for giving flavor and aroma to cocktails is the inclusion
of a twisted orange peel. Twisting the peel releases the oils
beneath the flavedo accenting the beverage. Despite its common-
ality, the mechanics of fluid projection have not been previously
studied.

In this study, we show that in response to external bending
deformation, oil gland reservoirs housed underneath the outer
surface of citrus exocarps may rupture, producing high-speed
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microjets, by an exhaustive emptying of the fruit’s aromatic
volatile oil, as seen in Fig. 1. These free jets are best witnessed
after a fruit is peeled and by bending the peel such that the
flavedo, or rind, faces outward (Figs. 1 and 24). Oil reservoirs
reside in the mesocarp, or albedo, a compressible foam-like layer
commonly known as the “pith” that fills the space between the
fruit locules and the thinner, stiffer flavedo (17). The flavedo
caps the reservoirs and shields the fruit from the environment.
Gland placement within the peel and relative size can be seen
in Fig. 2 B and C. The spaces between glands house stomata, the
fruits’ gas exchange pores (18) that measure ~20 um in diameter.
A layer of glossy boundary cells separates the oil in the reservoirs
from the absorbent albedo and is clearly seen in Fig. 2B (19),
where the window into the reservoir is a fortuitous result of cut-
ting. Ruptured reservoirs result from pressurizing the oil through
externally applied forces. When its failure stress is reached, the
flavedo cracks, allowing the pressurized oil to escape and the
albedo to expand into the vacated space, deforming the reservoir,
as seen in Fig. 2D.

It is believed all fruits in the citrus family have been devel-
oped by cross-breeding three core fruits in the last 1,000 y:
the mandarin orange, pummelo, and citron (20). All citrus
fruits tested in this study exhibited oil-jetting behavior, but
despite this shared characteristic, there remains no determi-
nate evolutionary function of the oil and no mention of oil
atomization in the literature to the authors’ knowledge. The
volatile oils may be an attractant to pollinators (21) but are
toxic to many arthropods (22-24). Citrus oils are known to
be phytotoxic (25) and antimicrobial (26) and so potentially
able to protect the fruit and seeds from infection and select
predation. Citrus fruits experiencing blunt impact often suffer
internal reservoir rupture leading to spoiled fruit as adjacent
cells burst in contact with oil (27). Commercially, citrus oils are
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Fig. 1. Image of oil jets issuing from subsurface oil glands in the highly
bent peel of a navel orange. The highly unstable jets issue at velocities that
produce motion blur in the photo, giving the appearance of jet stability over
longer distances.

extracted for their aroma (28), flavoring food (29), and cleaning
products (30).

We hypothesize citrus fruit jetting is made possible by the
composite peel structure housing the oil reservoirs—namely, a
soft reservoir boundary capped by a stiffer film. To test this
hypothesis, we purchase, peel, squeeze, and film the jetting of
oil from five Citrus (C) species readily available in most mar-
kets (Movie S1). These species, listed in Table 1, have a range
of sizes and show large variability in bulk fruit and reservoir
volume within a species. We find no dependence of reservoir
volume with fruit volume (SI Appendix, Fig. S1). Although com-
parative experiments are performed, we focus much of our effort
on one fruit, the Florida navel orange, Citrus sinensis. We buy
cold-pressed, commercially available orange oil for rheological
measurement and find it has a density p=0.8234+.010 g/mL

Compression

(n = 10), dynamic viscosity 4 =0.96+0.02 cP (n = 12), and
surface tension v =29.4 £+ 0.3 dynes/cm (n = 5).

In this study, we investigate the jetting mechanism exhib-
ited by Citrus fruits to rapidly disperse essential oils. Examples
of these citrus jets can be seen in Fig. 1 and Movie S1. We
begin Results with a description of the jets including kinematics
and size and proceed by calculating the approximate pressures
driving the jet from analytical modeling approaches. Next, we
investigate the material properties of the exocarp and show that
the contrasting nature of materials comprising the exocarp is
critical for high-speed jet production. Experimentally garnered
material properties are used in a finite element (FE) model to
verify the analytical approaches and explore material property
impact on bursting pressure. Lastly, in Discussion, we discuss the
implications of our work.

Results

Rupture Process. The process leading to reservoir rupture begins
by establishing a strain gradient through a cross-section of a cit-
rus peel, as seen in Fig. 2C. Physically, the gradient is established
by bending a section of peel through a large angle of deflection,
as seen with the Florida navel orange in Fig. 34 and Movie S2.
Bending increases stresses in the flavedo, with the most percepti-
ble increase in the direction normal to the dashed blue line drawn
in Fig. 3 A-D. The surface of a gland, as seen looking down onto a
flavedo, can be seen in Fig. 3 B-D and outlined by a dashed black
ellipse. As the magnitude of bending increases, a failure precur-
sor wrinkle forms on the flavedo surface atop the oil reservoir,
as seen in Fig. 3 C and E. Further bending induces the failure
seen in Fig. 3D, unveiling a channel to the gland reservoir. A
higher resolution photograph of flavedo failure at jetting can be
found in SI Appendix, Fig. S2. The crack in Fig. 3D begins atop
the reservoir and is arrested by stomata surrounding the gland.
Stomata are outlined in Fig. 3E and are small, nearly circular
voids in the flavedo.

Citrus Jet Kinematics. Through high-speed videography at 4, 000 —
16,000 fps, we film and track microjet expulsion from the

Albedo

Albedo

Ruptured
Flavedo

Fig. 2. Microscopic images of (A) oil ejection from oil gland reservoir through the flavedo, (B) a cross-sectional view of a singular oil gland with boundary
layer membrane partially intact, (C) a group of unbroken oil glands subjected to external bending, and (D) a cross-sectional view of an oil gland after
rupture. The gland in D appears slightly collapsed due to ingress of the albedo toward the flavedo during rupture.
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Table 1. Citrus hybrid species used in this study and associated measurements. Velocity
measurements were taken within the first 2 wk of purchase

Species Vo (m/s) Vimin (M/s)  Vu(m/s)  Cavity Volume (mm?)  Fruit Volume (cm?®)
Florida Navel Orange
Citrus sinensis 10.08 +5.22 (N=109) 2.98 29.65 0.83 +0.44 (N=100) 257 +29 (N=30)
Key Lime
Citrus aurantiifolia 9.81+3.31(N=109) 3.41 16.80 0.25+0.13 (N=100) 76 +12 (N=30)
Ruby Red Grapefruit
Citrus paradisi 8.51+3.34 (N=109) 2.13 16.83 0.79 +0.47 (N=100) 366 £58 (N=30)
Lemon
Citruslimon 7.09 £2.95 (N=109) 2.10 14.13 0.63 +0.34 (N=100) 120 +19 (N=30)
Mandarin
Citrus reticulata 6.82 +£2.66 (N=109) 1.58 11.96 0.70 £0.42 (N=100) 73 +10 (N=30)

five species of citrus hybrids listed in Table 1. Jets were pro-
duced by squeezing the exocarp of peeled fruits with fixed
pliers. The sequence of jetting lasts about 0.5 s, where some
jets finish before others begin. Digital tracking and measure-
ment allows for characterization of initial jet velocity, temporal
velocity decay of ejected jet fronts, and diameters of intact and
broken jets.

We measure jet exit velocities Vj across all hybrids within 2
wk of purchase, finding a singular minimum of 1.58 m/s (man-
darin) and singular maximum of 29.65 m/s (orange), with an
average V) =8.47+4.03 m/s (n = 545) across all species. The
average, SD, minimum, and maximum Vj for each hybrid is pre-
sented in Table 1. We find average V, for a citrus species to
be independent of reservoir and total fruit volume (SI Appendix,
Fig. S1).

Florida navel oranges serve as the model organism to charac-
terize jetting kinematics because of their attainability. A typical
jetting event by a navel orange is seen in Fig. 1. Jet diame-
ters are measured to be Dy =102 £ 20 pm (n = 10), using three
individual oranges. We note that diameter measurements were
taken as if jets had circular cross-sections, which is a simplifica-
tion, as discussed in SI Appendix. These measured jets have a
corresponding range of Re = pVDy/u =349 — 1620, indicating
laminar flow.

Following emergence from a reservoir at V, jets rapidly break
up into streams of droplets, losing all streamline velocity Vi(t)
in less than 100 ms. We discuss jet instability in SI Appendix. The
temporal decay of Vi(t) for a spherical droplet neglecting body
forces can be expressed (31) as

des
dt

= —3mu.df Vs, [1]

where m is the droplet mass, d is the droplet diameter, u, =
0.01845 cP is the dynamic viscosity of air, and f is the drag factor.
Clift and Gauvin (32) provide an expression for f valid for sub-
critical Rey = p, Vid/jta, where p, = 1.184 kg/m® is the density
of air.

f=1+0.15Rey**" +0.0175Re; (1 + 4.25 x 10“Re;1~16)’1

(2]
Integration of Eq. 1 produces a curve for V() that captures the
deceleration of droplets, as seen in Fig. 44. Matching this model
to experimental data are highly sensitive to the measurement of
d, which is difficult at this scale and velocity; pixelation, image
blur, and glare artifacts disrupt droplet outline clarity. For the
droplet tracked in Fig. 4 4 and B, we measure a droplet on-screen
to have d =120 pm, whereas the model suggests the droplet has

Fig. 3. The process of glandular rupture. The process begins with bending a peel (A). From an external view of the flavedo, the unstressed gland in B is
stressed to eminent failure in C and to failure in D, which shows the channel leading to the oil reservoir. A zoom box of a crack forming prior to failure is
shown in E. Black dashes outline gland extents beneath the flavedo, and the blue dashed lines represent the line normal to externally applied stress.
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Fig. 4. Temporal tracks of (A) droplet velocity and (B) position show droplet deceleration is rapid after expulsion from the gland.

d =100 pum. More generally, we measure orange jet droplets to
have an average diameter d =119 & 31 um (n = 50). Additional
sources of model departure may include droplet elongation while
in flight and nonuniform shape as the droplets oscillate after
breakup. We predict droplet evaporation does not significantly
impact droplet kinematics. From a quiescent pool, we mea-
sure the evaporative flux of oil to be 0.156 4 0.035 mg-min-cm?
(n =5, 74°F, 52% relative humidity). While moving droplets will
evaporate more quickly, an evaporative flux 10x that measured
for a quiescent pool yields a droplet volume change of < 1% for
a 100 pm diameter droplet over a 100 ms flight.

The model of temporal velocity decay in Eq. 1 also provides
insight into the change in jet size due to deceleration preceding
breakup. While it is not possible to discern the exact breakup
distance for these small jets, we do observe discrete droplets
2 mm from the flavedo surface (Movie S3). In Fig. 4B, Inset, we
plot the predicted velocity of a jet over the short distance rele-
vant to breakup. Over 2 mm from emergence, the jet with Vo =
8.55 m/s loses ~1% of its initial velocity, translating into an
increase of diameter near 1 pm.

Jet velocities will deviate from those observed when jets fire
out of the plane of observation of the camera. This deviation is
quantifiable such that the actual velocity Vy, = Vi/ cos ¢, where
¢ is the angle of deviation from the viewing plane. We average
five frames to quantify V}, but combat error in velocity measure-
ments by constraining tracking to jets that remain in focus for
at least 40 frames (10 ms) for the focal depth of our lens f; =
7mm. A jet with Vy =10 m/s will have an average velocity Vi =
6.62 m/s over the time of interest 7 =10 ms according to Eqgs. 1
and 2 and could have a maximum velocity measurement devi-
ation e=|cos¢ —1|=0.55%, where ¢=arctan(fs/7 Vayg)=
6.0°. For Vp >4 m/s, e <2.9%. The slowest recorded jet is at
Vo=1.58 m/s, e < 8.6%.

Bursting Pressure. We assume changes in pressure within the
reservoir are negligible from the instant of flavedo rupture to

the emergence of fluid into the atmosphere, which occurs over
a period not observable with our camera at 16,000 fps, less than
63 ps. We consider a streamline from the gland reservoir cen-
ter to the exocarp orifice, as seen in Fig. 54. The differen-
tial pressure between points 1 and 2 along the streamline can
be expressed by a balance of static and dynamic pressures,
neglecting body forces,

1
Pi—Py=5p (V5= Vi)+T, 31

where P> =0 is atmospheric pressure, Vi1 =0 is oil velocity at
rest in the reservoir, V> = Vj is the oil velocity at bursting, and
T is the excess pressure drop—namely, the viscous loss imposed
by flow constriction through a microscale orifice. Hasegawa et
al. (33) provided experimental data for pressure drop through
orifices of comparable size and for 0 <Re < 1000. We infer
that T~ 1.25pV# at Re =900, which is independent of orifice
geometry at that scale. From Eq. 3 we calculate a gauge pressure
for reservoir bursting Ppue = P1 = 1.75p Vi = 111 kPa =16 psi,
for Vp =8.76 m/s, as measured 1 d after purchase.

By measuring material properties of the flavedo, we may
alternatively estimate Py from the hoop stress, which pre-
dicts the static fluid pressure at the moment of bursting without
considering fluid flow,

ocly
b)

R .

Pourst =

where o, is the critical stress to propagate a material flaw dic-
tated by Griffith’s theory (34), t; is flavedo thickness, and R is
the radius of curvature of the flavedo cap at rupture. We find
tg =84 £ 28 um (n = 10) for navel orange flavedos and measure
the radius curvature R~ 2 —4 mm upon bulk jetting inception,
as seen in Fig. 5B. Using tensile test data, we determine a range
of critical stresses 0. =2.224+0.23 MPa (n = 3) for oranges

A . P, = Patm

stoma

B stoma P; = Patm
\1~ flavedo
=0 i3
O alite, Oy,
[ P “. albedo
' 1 \
\ oil j

Fig. 5. Schematics of oil gland reservoirs corresponding to two methods for calculating internal bursting pressure: (A) total pressure of flowing oil and

(B) hoop stress.
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tested 1 d following purchase. Further discussion of the mate-
rial properties of peels and the use of Griffith’s theory is given in
Relation of Jet Velocity to Flavedo Failure, and validation of hoop
stress assumptions is given in Exocarp Bending Simulation. The
range in values of R, 3, and o. yields Pyt =28 — 137 kPa=
4.0 —19.9 psi, which is in reasonable agreement with the value
of Pyurst predicted by Eq. 3. Due to this agreement, we infer
the hoop stress in the flavedo is very close to the hoop stress
in the wall of the reservoir—the flavedo is extremely thin. We
are unable to measure hoop stress in the reservoir walls directly
due to inability to measure o. in the boundary layer membrane
(Fig. 2B).

Relation of Jet Velocity to Flavedo Failure. We hypothesize that
high-speed jetting requires a soft, compressible base layer and
a stronger, stiffer external covering that withstands the buildup
of fluid pressure in the reservoir and fails abruptly. To test
our hypothesis, we seek a relation between jetting velocity
and flavedo stiffness, Ez. We begin by mechanically separating
flavedo from albedo to perform independent tensile tests, in
contrast to previous studies that considered material properties
of an intact peel (35, 36). We find the albedo layer, averaging
E, =790+ 580 kPa across all test species, two orders of mag-
nitude less stiff than the flavedo layer, whose average stiffness
at small strain ranges from 30 — 300 MPa, reported in Table 2
and Fig. 6 for each species. A typical stress—strain curve for an
orange flavedo is seen in Fig. 64 and shows failure at engineering
stress oeng = 53 MPa at large engineering strain e = 0.3. On aver-
age, orange flavedos exhibited Ey =103 MPa for those tested
1 and 8 d following purchase and experienced complete failure
around oeng =50 MPa, which is comparable to the strength of
acrylonitrile butadiene styrene (ABS).

In Rupture Process, we describe that cracks in the flavedo begin
atop the reservoir and are arrested by stomata surrounding the
gland. Over the region of interest, the 100 pm opening through
which a jet emanates (Fig. 3D), failure of the flavedo resembles
the propagation of a flaw under remote tensile stress. Based on
the flavedo’s response under tension, as seen in Fig. 6 4 and
B, we treat the flavedo as linearly elastic just before failure and
apply Griffith’s theory (37-39) to form a scaling relation between
flavedo stiffness and fluid jet velocity.

Before presentation of the scaling model derived from
Griffith’s theory, we address the impact of curvature on the
validity of its use. Curvature induces coupling between bend-
ing and extension, which can result in deviation from the
ideal flat material geometries used in traditional Griffith the-
ory (40). However, for curved sheets with low radii of curvature,
deviation from ideal behavior is negligible. Folias (1970) (40)

derived a scaling law to compare the ratio of near crack tip
stresses in curved and flat sheets, oeuved and gy, respectively.
The ratio is oeyrved /Tt ~ (1 + 0.49)\2)_1/2 for A <1, where A=
ao[12(1 — )] *(Rt)™"/? =0.17, ap = Do/2 = 50 um is half the
flaw length, and ¢t = ¢y is the sheet thickness. We set Poisson’s
ratio »v=0.49 as done by previous works (41, 42) on com-
parable materials. When applied to citrus flavedos, we find
Ocurved/ 0fiat = 0.99, indicating little influence of curvature on elas-
tic behavior. Our use of Dy as the length of the material flaw
from which flavedo cracks begin is discussed in Exocarp Bending
Simulation.

Griffith’s (37-39) theory predicts the critical stress needed to
propagate a material flaw in the flavedo and is expressed as

o= /@, [5]
2a9m

We address the variables in Eq. 5 as dependent or independent
of Eﬁ.

The strain energy release rate G. is related to fracture
toughness and elastic modulus as (39)

Ge=K By, [6]
where

. 3
0.752 +2.02 (£)+0.37(1 — sin Z2
Ki=0cy/2btan =2 . (%) Y- (1—sin Z¢)
2b COSﬁ

[7]

is the stress intensity factor (39), accurate to within 0.5% for
any a/b. The value of G, across the range of fruits used in the
study is found by performing tensile fracture tests on peel sam-
ples measuring ~20 mm x 45 mm with precut “cracks” of length
0.2b > a <0.40b, where b is the width of the test sample (Fig. 6B,
Inset). A typical stress—strain curve for crack propagation tensile
tests is shown in Fig. 6B. We note the critical stress o. = 2.5 MPa
occurs at a moderate strain e =0.15 and is much less than the
failure stress witnessed for uncut tensile samples. For oranges,
0. =2.2240.23 MPa (n = 3), which dictates the value of Pyt
and, according to Eq. 3 is related to V4. From Egs. 6 and 7 we
find G. =1 — 14 kPa-m across all species and find no clear trend
between G. and Ey (SI Appendix, Fig. S3). We thus fix G. as
constant for our scaling argument.

We consider characteristic flaw length 2ao in unbroken peels
to be the size of the jet opening and is fixed as constant for
all species for our analysis. Therefore, from Eq. 5 the scaling

Table 2. Stiffness and velocity values for all species tested at various times past

purchase
Species Vo (m/s) Eq (MPa) Vo En Vo En
Day 1 Day 8 Day 15

Key Lime

Citrus aurantiifolia 10.61 £ 3.88 193 £31 12.40 £ 1.65 302 £57 13.88 +£3.46 26872
(N=9) (N=5) (N=9) (N=3) (N=9) (N=3)

Ruby Red Grapefruit

Gitrus paradisi 8.83+352  125+18 9.64 +1.51 116 +17 9.42+4.63 52+13
(N=9) {N=5) (N=9) (N=3) (N=9) (N=3)

Florida Navel Orange

Citrus sinensis 8.76 £4.94 97+ 10 9.88 £3.13 113 +£38 10.86 £ 1.63 113+ 38
(N=9) (N=5) (N=9) (N=3) (N=9) (N=3)

Lemon

Citrus limon 6.91+2.74 47+13 8.61+2.85 92+ 25 9.27+1.78 213+110
(N=9) {N=5) (N=9) (N=3) (N=9) (N=3)

Mandarin

Citrus reticulata 6.63 £2.07 31+11 7.68 £2.51 68+ 18 8.66+2.71 75 +27
(N=9) (N=5) (N=9) (N=3) (N=9) (N=3)
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Fig. 6. Material characterization in citrus flavedo. (A) Stress-strain curve for determining flavedo stiffness E5 in an orange, with schematic of test specimen
shown in Inset. (B) Stress—strain curve for crack propagation stress o, with schematic of test specimen shown in Inset. (C) The relation between jet exit
velocity (n = 9 for each point) and Eq (n = 5 for each point) for fruits measured 1 d (filled symbols) and 8 d (open symbols) after purchase to quantify the

effects of ripeness on jetting velocities and flavedo properties.

relation may be written, o, NEﬂl / 2, and from Eq. 3, we find
Pourst ~ pVOQ. For the problem at hand, p remains constant and
is omitted from subsequent scaling relations. Likewise, we see
no trend in R from one fruit to another but find it is depen-
dent on albedo thickness t,, which is highly variable from one
specimen to another and across individual fruits. We discuss the
impact of variation in ¢, in Discussion. Accordingly, Eq. 4 pro-
vides the relation Pyt ~ 0. Combining these relations yields
the prediction

V()NEﬂl/4. [8]

We plot Vj against Ey, in Fig. 6, and report the associated val-
ues in Table 2. The effect of fruit aging is quantified by testing
subsets of individual fruit specimens on 1, 8, and 15 d following
purchase, such that these fruits produce both tensile test samples
and velocity measurements. Data for days 1 and 8 are plotted in
Fig. 6, while data for day 15 are plotted only in SI Appendix, Fig.
S4C; signs of rot and excessive levels of material degradation are
present 2 wk after purchase. We fit Eq. 8 to the combined data
with R? = 0.94.
A power law best fit of the combined day 1 and 8 data yields
Vo~ Eg®, (R =0.96). [91
Thus, among these species, we observe a clear dependency of
jet velocity on flavedo stiffness. Generally, the flavedos stiffen
and jets attain higher velocities with age. It is noteworthy that
the predicted exponent (0.25) is within the 95% confidence
intervals of our experimental best fit (0.29), indicating excellent
agreement between the predicted exponent and the measured
one. We attribute this small discrepancy, which scales as £,
to simplifications in our model, most likely regarding variation
in peel properties across species and some nonlinear effects,
discussed in Discussion. We report prefactors, exponents, and
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coefficients of determination for the aforementioned fits of the
form Vp=mkEg in Table 3. Days 1, 8§, and 15 are all fit with
Eqgs. 8 and 9 separately in SI Appendix, Fig. S4 and include SD
bounds.

Exocarp Bending Simulation. A notable material property con-
trast between albedo and flavedo layers is elastic modulus.
FE simulations allow us to test a range of moduli and reser-
voir geometry to determine their impact on Py Additionally,
FE modeling provides a view of the pressure distribution in
the volume surrounding the reservoirs and across the flavedo
surface. We model a unit of peel comprised of ¢, =3.90 mm-
thick albedo containing a single oil gland reservoir covered
by ¢ =100 pm of flavedo, as seen in Fig. 7. We assume the
entire peel geometry can be reconstructed by tessellating this
representative volume element (RVE). The remote bending
load on the peel (Fig. 34) is transferred to the RVE by rota-
tions on either side of the unit cell as denoted in Fig. 7A4.
Oil in the reservoir is modeled as static, incompressible, and
not subject to body forces. The reservoir geometry is made to
mimic that observed in peel cross-sections, an ellipsoid with

Table 3. Fitting parameter data corresponding to the curves in
Fig. 6 and SI Appendix, Fig. S4 of the form Vo = mEQ

Fit Type Day1 & Day 8 Day 1 Day 8
Experimental Fit
m 2.310 2.543 2.291
n 0.2926 0.2671 0.2979
R? 0.9551 0.9689 0.9480
Model Fit
m 2.833 2.752 2.901
n 0.2500 0.2500 0.2500
R2 0.9350 0.9652 0.9331
Smith et al.
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Finite element simulations are performed by considering (A) a unit cell undergoing rotation at the boundaries, which show (B) in-plane hoop stress

to be approximately uniform in tension with a local maximum at the center. This region of greater stress is most likely to fail first, which is supported by

experiments. The white ellipsoid is the gland beneath the flavedo.

longitudinal radius « and transverse radius . Ratios o/ are
choseg such that the volume of the reservoirs remain a constant
1 mm-©.

We set the values of Ej and E, according to ranges in experi-
mental data and fix Poisson’s ratio at 0.49 and 0.25, respectively,
as done by previous works (41, 42) on analogous materials. For
all simulated moduli and fluctuations in peel bending curvature
Ak, in-plane hoop stress contours across the flavedo indicate
higher stress atop the oil reservoir, shown in Fig. 7B, support-
ing the previous calculation of Py by a hoop stress model in
Eq. 4 and our choice of ap = Dy /2. Here, Ax =0 corresponds
to a round and unperturbed fruit with R =40 mm. We plot oil
gland reservoir pressure P as a function of bending severity, as
Ak isincreased from 0 — 0.25 mm !, as seen in Fig. 84. The dot-
ted lines show increasing P for greater curvature using range of
material stiffness ratio n= Es/Ey =100 (dashed line) and 500
(solid line) and «/B=1.75. Greater discrepancies in stiffness
produce greater reservoir pressures. Pressures in the range of

A B
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100
80
60
40
20

P (kPa)
al/f

0 0.05 0.1 0.15 0.2
Ak (mm-7)

0.25

80 — 160 kPa are in good agreement with the estimate for fluid
pressure given by Eq. 3, 111 kPa, and the range predicted by
Eq. 4, 28 — 137 kPa.

By fixing Ax =0.25 (mm™"'), a highly bent peel, we can per-
form a parametric FE simulation to understand the influence of
reservoir shape (a/f) and n on P. The phase plot in Fig. 8B
shows that for o/ < 1, P remains low, even for large values of
7. Pressures are highest for vertically lobed reservoirs, such that
a/B ~2. Like Fig. 84, the plot in Fig. 8B shows that contrasting
flavedo and albedo stiffness is likewise critical to the generation
of high fluid pressure and will elevate fluid pressure when «/3
is slightly adverse. Experimentally observed ranges for /3 are
bounded by the black box in Fig. 8B.

Discussion

Our study elucidates the mechanisms underlying the high-speed
microjets emitted from the exocarps of citrus fruit. The veloc-
ity of these jets is a result of quickly releasing internal oil

2 P (kPa)
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1.8 10 ( '$ )
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1.4
120
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Albedo
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Fig. 8. Pressure in oil gland reservoir simulated by varying (A) change in curvature for fixed « /8 = 1.75 and (B) gland eccentricity «c/3 and material stiffness

ratio n = Eq /E, . The box in B bounds experimental values of o/.
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gland reservoir gauge pressures in the approximate range of
30 — 140 kPa. The buildup and release of pressure is made pos-
sible by the composite nature of the citrus peel—namely, a thick,
compressible albedo that houses reservoirs and is capped by a
thin, stiff flavedo. In general, fruit aging causes flavedo modu-
lus to increase and produce greater jetting velocities. A greater
understanding of this system may lead to technologies that mimic
the bursting of oil reservoirs to disperse or aerosolize small
amounts of fluid and new tools to characterize fruit.

The choice of applying Griffith’s criteria in Relation of Jet
Velocity to Flavedo Failure requires simplifying assumptions.
Using uniaxial tensile test data, we find the flavedo is a non-
linear, stiffening material before failure, with a small strain
elastic modulus, Fy =31 — 302 MPa. While this is contrary to
Griffith’s theory of fracture (37-39), the flavedo does not exhibit
pronounced ductile behavior. The reason for brittle behavior
following stiffening is unclear but could be a result of little resis-
tance to crack growth (flat R-curve) (34) offered by loosely
held polymeric chains. This justifies the use of a single frac-
ture toughness parameter for the current study. In recent past, a
computational study using atomistic simulations captured strain-
stiffening and hyperelastic behavior on crack propagation, and
found significant influence of hyperelastic behavior on the crack
tip dynamics, but the fundamental scaling law that we have

used, oc ~ Eﬂ1 /2 was found to be valid (43). For hyperelastic
strain-stiffening materials (such as neo-Hookean or exponen-
tial hardening), recent work (44) has shown that energy release
rate remains very close to linear elastic fracture mechanics
(LEFM) values for moderate values of k= G./Eao (< 1) and
moderate stress tri-axiality. According to Fig. 6C, the fruits
most critical to curve fitting lie the furthest from the origin.
And so for limes, k= 1/3. The authors (44) found the agree-
ment even better if the stiffening is exponential in nature. We
are thus justified in basing our scaling analysis on LEFM in
this study.

This study highlights that citrus jet velocity is a function of
flavedos’ fracture toughness, most clearly demonstrated by Eq.
4. Therefore, peeling citrus does not require careful extraction
of the albedo, nor does natural variation in albedo thickness
across the fruit impact local jet velocities. However, the curvature
of the peel during jetting is strongly dependent on albedo girth.
The line in Fig. 84 will decrease in slope with decreasing albedo
thickness, therefore requiring higher values of Ak to achieve a
critical bursting pressure.

The size of citrus oil reservoirs and the velocity of oil ejec-
tion result in large accelerations by jetting fluid. Liquid at rest in
the pockets is accelerated to velocities in excess of 10 m/s over
the distance of ~1 mm. Assuming the fluid is incompressible
and acceleration is constant, parcels of fluid in the reservoir
will experience 5,100 gravities (g) of acceleration before exit,
which is comparable to the acceleration of a bullet leaving a
rifle. In nature, this acceleration is outdone only be the mantis
shrimp (45) (Stomatopoda) at over 10,000 g and Dung Cannon
fungus (46) (Pilobolus crystallinus) at 180,000 g but is per-
haps unmatched in the plant kingdom. A notable contender in
the plant kingdom is the bunchberry dogwood flower, which
launches stamen at 2,400 g as pedals open at 2,200 g (47).
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Our results and FE investigations predict reservoir fluid pres-
sures in agreement with Eqgs. 3 and 4, but it would appear citrus
fruits achieve suboptimal configuration from the standpoint of
achieving even higher pressures by not maximizing . However,
note that the top right corner of the phase plot would represent
much stiffer flavedos. This material synthesis is likely limited due
to the biological origin of the material. Therefore, the system
leverages reservoir geometry for enhanced performance (high
Pourst), indicating the observed values of /8. Such is a recur-
ring theme in many biological systems where the limitations of
material properties are overcome by geometry or topology of
the structure (48-60). In contrast, an outer layer with very low
strength would not withstand the stresses associated with pres-
sure rise in the small reservoirs and would thus rupture at lower
pressures and produce slower yet more stable jets.

Methods

High-Speed Image Analysis and Microscopy. All Citrus fruits used in exper-
iments were obtained from local groceries. Once peeled, specimens were
used within 15 min to preserve material properties. Oil jets were filmed with
Photron Mini UX100 and AX100 cameras at 4,000 to 16,000 fps, depend-
ing on the scale and phenomenon of interest. Jets were initiated by placing
peels between stationary pliers. Jet velocity, diameter, and breakup distance
were measured digitally using Open Source Physics Tracker software. Pores
from which jets issue were imaged pre- and postjetting with a Keyence
VHX-900 digital microscope with built-in area and dimension measurement
capability.

Material Property Measurements. Tensile testing is performed with a MTS
Tytron 250, using a 50 N load cell, and pulled at a rate of 0.3 mm/s. We
prepare tensile test samples by mechanically separating flavedo and albedo
with a sharp blade immediately after peeling. Samples of flavedo and
albedo are cut into rectangular sections 12 mm (polar) x 25 mm (equitorial).
Flavedo samples to measure strain energy release rate G. are cut into rect-
angular sections 25 mm (polar) x 50 mm (equitorial) and given a 8 — 15 mm
manufactured flaw in the form of a thin cut orthogonal to the direction
of applied loading. Such flaws lie within 30 — 60% of the width of the
sample.

FE Simulations. To simulate the bending of a citrus peel and measure the
pressure field surrounding an oil reservoir, we perform an analysis with
ABAQUS (Dassault Systemes) general static step, using an RVE with rota-
tional boundary conditions at the side walls. To avoid rigid body motion,
we fix one node of this unit cell on the middle symmetric plane and mesh
with quadratic tetrahedron elements (C3D10) around reservoir geometry
and quadratic hexagonal elements (C3D20) in other regions. A linear elastic
material model was used for all simulations, and gland fluid was modeled
as incompressible.

0il Gland Reservoir and Fruit Volume Measurements. \We image orange peel
cross-sections with a Nikon D850 SLR camera and digitally trace the outer
boundaries of gland reservoirs in images. We assume reservoirs are sym-
metric about the jetting axis and use MATLAB to perform shell integration
volume calculations for the coordinates of reservoir boundaries captured
in photos. Whole fruit volume measurements were taken by recording the
fluid displaced during complete submersion.
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