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Drilling into solid substrates with slender beam-like structures
is a mechanical challenge, but is regularly done by female para-
sitic wasps. The wasp inserts her ovipositor into solid substrates
to deposit eggs in hosts, and even seems capable of steering
the ovipositor while drilling. The ovipositor generally consists of
three longitudinally connected valves that can slide along each
other. Alternative valve movements have been hypothesized to
be involved in ovipositor damage avoidance and steering during
drilling. However, none of the hypotheses have been tested in
vivo. We used 3D and 2D motion analysis to quantify the probing
behavior of the fruit-fly parasitoid Diachasmimorpha longicau-
data (Braconidae) at the levels of the ovipositor and its individual
valves. We show that the wasps can steer and curve their oviposi-
tors in any direction relative to their body axis. In a soft substrate,
the ovipositors can be inserted without reciprocal motion of the
valves. In a stiff substrate, such motions were always observed.
This is in agreement with the damage avoidance hypothesis of
insertion, as they presumably limit the overall net pushing force.
Steering can be achieved by varying the asymmetry of the distal
part of the ovipositor by protracting one valve set with respect to
the other. Tip asymmetry is enhanced by curving of ventral ele-
ments in the absence of an opposing force, possibly due to pre-
tension. Our findings deepen the knowledge of the functioning
and evolution of the ovipositor in hymenopterans and may help
to improve man-made steerable probes.

Diachasmimorpha longicaudata | ovipositor kinematics | buckling
avoidance | spatial probing | minimally invasive probe

From a mechanical perspective, it is very difficult to drill into
a solid substrate with a very thin probe, because it can easily

bend and break. Parasitic wasps, however, do this regularly when
they use their slender ovipositors to search for hosts in solid sub-
strates, such as fruits or even wood (1–3).

The general morphology of the ovipositor is similar across all
wasp species (4, 5); it consists of four elements, called valves,
of which two are often merged such that three functional valves
remain (Fig. 1). In most species, the distal part of the ovipositor
is morphologically distinct (3, 6), which we will refer to as the
tip. The valves can slide along each other (5, 7) and do not get
dislocated under natural conditions, because they are longitudi-
nally connected via a tongue-and-groove mechanism (5, 8–10).
The ovipositor and the “wasp waist,” a constriction of the body
between the first and second abdominal segment (11), are essen-
tial in probing behavior and are therefore considered to be
instrumental in the evolution of the order (11–15). The shape,
structure, and mechanical properties of the ovipositors are puta-
tively adapted to the substrates into which the animals need
to probe (6, 16–18), and because both substrates and hosts are
so diverse, this might have resulted in high species diversifica-
tion of the hymenopterans (13, 14). However, to understand the
observed diversity in the ovipositor shapes, understanding of the
probing mechanics is essential.

Wasps are faced with two problems when searching for hosts in
(solid) substrates: (i) how to insert the ovipositor without buck-
ling/breaking it and (ii) how to maneuver with the ovipositor to
reach the target.

Buckling is a mechanical failure of a structure which occurs, for
instance, when a beam cannot withstand the applied axial load
and bends, possibly beyond its breaking point. As buckling occurs
more easily in slender beams, this is a real danger for parasitic
wasps. Buckling depends on four parameters: (i) the axial load
applied on the beam, (ii) the second moment of area of the beam,
(iii) how well is the beam fixed on both ends (i.e., “free to slide
sideways,” “hinged,” or “fixed”), and (iv) the length of the beam.

During puncturing, axial loading of the ovipositor cannot be
avoided, so only the other factors can be adjusted. The sec-
ond moment of area is largely determined by the diameter of
the ovipositor and its wall thickness. To simplify insertion, the
ovipositor must be as thin as possible, while the internal channel
needs to be big enough for an egg to pass. Both of these require-
ments increase the chance of buckling. In all wasps, the oviposi-
tor is fixed internally to the reproductive system and the muscles
that move the ovipositor (4, 19), so very little variance can be
expected related to the fixation of the ovipositor. A parameter
that can be changed is the “functional” length of the oviposi-
tor. Some wasps protrude only a small part of the total ovipos-
itor outside their bodies before puncturing the substrate. The
part retained in the abdomen is then either strongly coiled or
telescopically retracted (20, 21). In other species, the functional
length of the ovipositor is reduced by supporting it by clamping
the ovipositor with parts of their hind legs (11, 18, 22) or with
specialized sheaths (1, 10, 23, 24).

Little is known about the mechanisms parasitic wasps use for
further insertion and buckling prevention of the ovipositor after
the initial puncturing of the substrate. Vincent and King (23)
hypothesized a mechanism that wasps might use based on the
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Fig. 1. Ovipositor of D. longicaudata. (A) SEM image of the ovipositor; side
view. Region shown in B is indicated with dashed lines. (B) A 3D reconstruc-
tion of a part of the ovipositor obtained with a micro-CT scan. (B, Inset)
Cross-section of the ovipositor showing the three valves. [Scale bar: 100 µm
(A) and 10 µm (B, Inset)].

morphology of the ovipositor (Fig. 2A). In the proposed mech-
anism, wasps apply a pulling force on two of the three valves,
which are kept stationary because of the hook-like structures on
their tips function as anchors. These valves serve as guides for
the third valve that is pushed inward. According to the hypoth-
esis, buckling of the protracted valve is avoided by limiting the
amplitudes of forward motion. By alternating the protraction and
retraction of the valves, the ovipositor is further inserted into the
substrate, while avoiding excessive net push forces and axial loads
that could damage the ovipositor (23).

The second challenge during oviposition is that the wasps need
to steer the ovipositor tip in the direction of the desired tar-
get (25). To do so, the ovipositor needs flexibility and a steer-
ing/bending mechanism that adjusts the tip direction during
probing. Proposed bending mechanisms can be divided into pas-
sive and active ones (Fig. 2 B–E). Passive bending originates from
mechanical interactions of the inserted ovipositor with the sub-
strate. Active bending occurs when bending moments originate
from the relative movements of the ovipositor valves.

Passive bending presumably occurs when an ovipositor has an
asymmetric beveled tip (Fig. 2B). The asymmetric forces acting
on such a tip push the tip away from a straight path (26, 27).
Rotation of the bevel can be used to adjust the tip direction dur-
ing insertion (28). The tips of most ovipositors across species
are asymmetric (6, 29, 30) and can thus potentially function as
a bevel. The bevel shape can presumably be enhanced by chang-
ing the relative positions of the valves. An adjustable bevel may
control the degree of bending, similar to what has been proposed
for a new generation of steerable needles (31).

Three mechanisms have been proposed for active bending.
In the first mechanism, special anatomical structures limit the
motion range of individual valves (32, 33). Bending occurs due to
tension and compression in individual valves (Fig. 2C). A second
active bending mechanism relies on differences in valve scleroti-
zation (34). The distal part of ovipositors relying on this bending
mechanism consists of heavily sclerotized, stiff arches, alternated
with less sclerotized and flexible nodes. At rest, the arches and
nodes of the dorsal and ventral valves are aligned and the ovipos-
itor is approximately straight. When the ventral or dorsal valves
are protracted, the arches align with nodes, which leads to bend-
ing (Fig. 2D). The third possible mechanism of active bending
has been hypothesized for the control of hemipteran mouthparts.
Similar to the ovipositors, the hemipteran mouthparts consist of
multiple slender elements that are interconnected longitudinally
and are able to slide along each other. It is assumed that bending
moments in hemipteran mouthparts originate from (pre)tension
of the elements (35, 36). The elements possess a certain level of

inner tension and tend to curve to one side when not opposed.
At rest, the elements are aligned with their tips so they counter-
act each other, resulting in a straight structure. When an indi-
vidual element protracts, its tip curves inward toward the other
elements (Fig. 2E). In all three mechanisms, the amplitude of the
protraction and retraction of the valves probably correlates with
the amount of bending and offers a way to control the curvature
of the ovipositor during insertion.

Despite the proposed importance of ovipositors for the evo-
lutionary success of hymenopterans, there is only a small num-
ber of empirical studies quantifying mechanical properties of
the ovipositors (6, 16–18). The proposed theories of probing
are based on morphological data, with only a few studies focus-
ing on the ovipositor inside the substrate (25, 37), but no one
has ever analyzed the dynamics of probing inside the substrate.
In this work, we aim to quantify the ovipositor use (range,
speed, and curvature of probing) in relation to substrate density
and to determine which of the proposed methods of insertion
and steering are used by parasitic wasps. We do this using the
species Diachasmimorpha longicaudata, which provides an excel-
lent example because of its long and slender ovipositor. Extrap-
olation of our results will also provide insight into probing and
steering possibilities of other groups of parasitic hymenopterans
and possibly of hemipterans and mosquitoes, as they use simi-
lar structures to probe for food. In addition, our study will add
to the understanding of the functional demands acting on the
ovipositor and the mechanism for drilling with slender probes.
This, in turn, can be applied in the development of man-made
instruments for tunneling, insertion, or probing. Such knowledge
will presumably also help in the development of novel steerable
surgical tools (38–43).

Results
We presented 28 wasps with two different gel densities and stiff-
nesses (parameters presented in Table 1 and Fig. S1). For details
on calculations of gel parameters see SI Materials and Methods.
Three wasps did not probe in both substrates. We analyzed only
instances where wasps inserted >60% of their ovipositor inside

Ff

PULL PUSH

Fh

Ftip

Ff

C EBA

D

Fin

Fig. 2. Hypothesised insertion and steering mechanisms in 2D. Full arrows
represent push forces and empty arrows pull forces. (A) The push–pull mech-
anisms (23) (only two valves are shown for clarity). Inner friction (Fin) is con-
sidered negligible. Friction along the shaft (Ff) of the two pulling valves,
together with the hook forces (Fh), keep the ovipositor anchored in the sub-
strate and counteract the friction and hook (cutting) forces of the push-
ing valve (modified from ref. 23). (B) A bevel shape of a needle leads to
bending due to asymmetrical tip forces (Ftip). (C) Restriction in inter-element
displacements (32) causes bending due to tensile (gray arrows) and compres-
sion (small black arrows) forces (modified from ref. 32). (D) Arched oviposi-
tors bend due to differential sclerotization of valve segments (34); see text
(modified from ref. 34). (E) Pretension of individual elements (35) leads to in-
curving upon their protraction as observed in hemipteran mouthparts (mod-
ified from ref. 35).
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Table 1. Gel parameters. Storage (G′), loss (G′′), dynamic shear
(G∗), and elastic (E∗) moduli

Conc. G’, kPa G”, kPa G*, kPa E*, kPa

2% 11.970± 0.734 0.676± 0.278 11.989 35.967
4% 68.544± 2.016 4.615± 1.132 68.700 206.099

Conc., concentration.

the substrate. For three of the animals, the top camera record-
ing their orientation during probing stopped working. Their data
were excluded from the calculations of the range of probing, but
were included in the velocity analysis. This amounted to 107 and
92 insertions used for range calculations, and 117 and 113 inser-
tions for speed calculations in 2% and 4% gels, respectively.

Description of Probing Process. When starting to probe, an individ-
ual wasp lifted its abdomen, oriented the still-sheathed oviposi-
tor vertically, and punctured the substrate with the most distal
part of the ovipositor tip. While inserting the ovipositor deeper,
the sheaths peeled away from the ovipositor base into a hairpin-
like structure (Fig. 3A). Often, the wasp partially retracted the
ovipositor within the substrate and reinserted it along a different
trajectory. The wasp did not change its body orientation during
an insertion session. A single insertion session contained 1–16
insertions (see Fig. 3B for a typical example of an insertion ses-
sion). Individual insertions were not continuous, but consisted
of minute retractions and reinsertions, especially when making

A B

D E

C

Fig. 3. Insertion behavior of probing wasps depends on substrate properties. (A) General probing behavior. The wasp positions its ovipositor vertically and
punctures the substrate. The sheaths (black arrows) gradually detach and fold away from the ovipositor (white arrow) during deeper insertion. (Scale bar:
5 mm.) (B) Example of a single insertion session in 3D with parameters used in the analysis: R, position vector of the insertion trajectory endpoint; r, radius
of the endpoint; d, depth vector; α, insertion angle. (C) Horizontal probing range showing the radii of the endpoints, corrected for the animal orientation
(silhouette). Colored circles indicate median values of r for different substrates. Blue, 2% gel; red, 4% gel. (D) Vertical probing range: depth of trajectories
plotted against their respective radii. The depth is shallower with increasing radius. (E) Ratio of arc length and the magnitude of R indicates the deviation
from a straight path (ratio close to 1 indicates straight insertions). In softer gels, wasps reach higher radii by inserting their ovipositors straight, but at
acute angles.

curved insertions. The retractions were sometimes also used to
make minor adjustments to the direction of insertion.

Probing Range. We calculated the maximum arc length of each
insertion trajectory, as well as the radius (r), depth (d), and posi-
tion vector (R) of the respective endpoints. We took the trajec-
tory insertion angle α (deviation from 90 ◦) as the angle between
the R and the vertical vector along the depth axis (Fig. 3B).

From a single horizontal body orientation, wasps were able to
probe in all directions within the gel (Fig. 3C), and we observed
no directional preference of insertions belonging to the same ses-
sion (Fig. S2). No clear directional preference was seen in the
combined behavior of all animals (Rayleigh test, P =0.5 and
P =0.05 for 2% and 4% gels, respectively).

The correlation between the vertical and horizontal com-
ponent of the position vector (Pearson’s correlation=0.57,
P < 0.001) shows that a deep probe had a large chance of having
a limited horizontal amplitude and vice versa (Fig. 3D).

In general, the probing space of the wasps can be visual-
ized as a cone with a curved base. The radius of the cone is
substrate-dependent and is larger in the 2% gel than in the 4%
gel (respective medians: 1.90mm and 1.19mm, Mann–Whitney
U test, P < 0.001).

Deviation from a straight path of the insertion can be esti-
mated by taking the ratio of its arc length and the magnitude of
its R. Comparing the ratios against insertion angles, we see more
insertions with high angles and with low bending in the 2% than
in the 4% gel (Fig. 3E).
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Curvature and Speed of Insertions. Wasps were able to strongly
curve their ovipositors during probing with the maximal recorded
values for curvature (κ) up to 1.6 mm−1, or 0.048 dimension-
less curvature (κmultiplied with the ovipositor width). Occasion-
ally, we even captured complex insertion trajectories consisting
of multiple bends in different directions. The majority of inser-
tions, however, had very little curvature (Figs. 3E and 4). Most
parts of insertions were <0.02 dimensionless curvature, with the
median values 0.0060 and 0.0069 for 2% and 4% gel, respec-
tively. Only ∼1% of the parts of insertions had a dimensionless
curvature >0.03. There was a slight, but significant, difference
in curvature distribution between the 2% and 4% gels (Mann–
Whitney U test, P < 0.001), and we observed more insertions
with dimensionless curvatures >0.02 in the denser gel.

The ovipositor insertion was generally done at low speeds
and accelerations (examples shown Figs. S3–S5). Wasps probed
faster in 2% gel (Mann–Whitney U test, P < 0.001), with median
insertion speed: 0.73mm s−1 in 2% gel and 0.55mm s−1 in 4%
gel. There is also a clear relation between curvature and inser-
tion speed (Fig. 4 and Fig. S6). Insertions with high curvature
were always done at low speed. The highest speeds were only
observed at low curvatures, although the majority of insertions,
even with low curvature, were done at speeds <1.5mm s−1.

Changing Tip Morphology. We observed clear changes in the
asymmetry of the ovipositor tip during relative movements of
the dorsal and ventral valves (Fig. 5). When the dorsal valve was
retracted, the ventral valve(s) curved dorsally across the midline
of the ovipositor. When the ventral valves were retracted, how-
ever, no curving of the dorsal valve tip was observed. Protraction
of ventral valves can be also seen in peaks of the tip orientation
graphs (red arrows in Fig. 6).

Valve Kinematics and Steering. Wasps used two methods of
ovipositor insertion, which are presented in the three examples in
Fig. 6 (see also Movies S1–S3). In the first method, the ovipositor
was pushed into the substrate as a whole, with very little relative
movement of individual valves (pushing intervals noted in Fig. 6
A and B). This method was only observed in the softer, 2% sub-

sp
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dimensionless curvature (-)
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relative occurrence (-)

0 0.02 0.04 0 0.02 0.04

0 0.2 0.4 0.6 0.8 1

2% 4%

Fig. 4. Speed of probing decreases with increasing dimensionless curvature
(κ multiplied with ovipositor diameter) and stiffness of the substrate. The
heat maps show the relative frequency of specific speed and curvature com-
binations. Each axis has been divided into 80 bins of equal size, and the oc-
currence (number) of the points relative to the number of points in the most
dense bin in the grid is presented as the color of the contours. The general
pattern is hardly effected by the bin-size (Fig. S6).

0 s 0.08 s 0.16 s 0.32 s

0 s 0.032 s 0.064 s 0.086 s

A

B

Fig. 5. Protraction of dorsal and ventral valves affect the shape of the
ovipositor tip. (A) Protraction of the ventral valve(s) (white arrow) leads to
the deformation and incuving of the ovipositor tip. (B) Protraction of the
dorsal valve (black arrow) does not result in curving of the tip. (Scale bars:
50 µm.)

strate, and we will refer to this method as the “pushing method.”
The second, more common, method involved clear alternating
movements of the valves throughout the insertion process, which
we will call the “alternating method” (Fig. 6 A and C).

Straight and curved paths were achieved by using both of
these methods. Straight insertions using the pushing method
were obtained by inserting the ovipositors with valves aligned or
a slight protraction of the dorsal valve. In the alternating method,
the valves were moved around a positive offset value (Fig. 6A and
Movie S1). Curved insertions were achieved by having the ventral
valves protracted for an extended period. Minor changes in the
negative valve offset were observed in the pushing method (Fig.
6B and Movie S2), whereas the valves moved around a negative
offset value in the alternating method (Fig. 6C and Movie S3).

From the acceleration data, we calculated the net forces acting
on the valves which were in the order of hundreds of piconewtons
(SI Materials and Methods and Figs. S3–S5).

Discussion
Parasitic wasps probe into substrates to deposit eggs in hosts hid-
den within. Therefore, they need to pierce and explore the sub-
strate (3, 6), locate the host, and sometimes also pierce through
the host’s integument (44–47), which is all done with the ovipos-
itor apparatus only. Although the probing behavior of parasitic
wasps has been repeatedly mentioned in the literature (3, 6, 17,
18, 48–51), no quantitative studies have been performed until
now. Here, we show evidence that wasps are able to explore a
large space from a single puncture point and that they use rela-
tive valve motions to insert and steer the ovipositor.

Movements of the ovipositor inside the substrate are complex
and originate from the interplay between substrate and relative
movements of individual ovipositor valves.

Two methods of ovipositor insertion were used by the wasps:
(i) pushing of the entire ovipositor with minimal relative valve
movements and (ii) insertions with alternating valve movements
of high amplitude. During pushing, the valves were moved
together, and the shape of the ovipositor tip barely changed. In
the second method, the valves moved alternatively, resulting in a
continuously changing shape of ovipositor tip.

The pushing method was only used in the soft gel, indicat-
ing that it might only be applicable in low-resistance environ-
ments. The second method, using alternating valve movements,
was observed in both gels, showing that this can also be used
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Fig. 6. Examples of ovipositor insertions. Shown are valve speeds, valve offset, tip orientation, and a 2D trajectory with its curvature (nontracked parts are
shown in black). Shaded areas: less accurate calculations due to edge effects. Negative valve offset indicates protraction of dorsal valve(s). (A) Example of
a straight insertion in 2% gel showing both methods of insertion: alternating valves (valve speed “out of phase”) and pushing (valve speed “in phase”).
Intervals above the graphs indicate the pushing method of ovipositor insertion (curving indicated with asterisks), and red arrows indicate the small changes
in tip orientation that occur even on short protractions of the ventral valves (in all graphs). (B) Example of a curved insertion in 2% gel using the pushing
method (intervals) with small changes in valve offset. (C) Example of a curved insertion in 4% gel using the alternating valve method. In both B and C,
ventral valves are protracted for a prolonged period, which leads to sustained changes in tip orientation, resulting in a curved trajectory.
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in high-resistance environments. This is in accordance with the
mechanism proposed by Vincent and King (23), which predicts
that alternating valve movement can be used for ovipositor inser-
tion. According to the mechanism, some valves are being pulled
at which anchors the ovipositor, allowing for the protraction of
other valve(s). This predicted behavior is clearly seen in our
data. Similar alternating movements, albeit of slender mouth-
parts (52), have also been reported in feeding mosquitoes. When
probing in the host’s integument, the mandibles and maxillae
oscillate along their longitudinal axes (53–56).

Estimation of net forces on the valves (Figs. S3–S5) revealed
that they are very low (piconewton range), which is also in agree-
ment with the prediction of Vincent and King (23). Low forces
were also suggested to occur during puncturing (55) and fur-
ther insertion (57) of a mosquito proboscis. The low force values
are partially attributed to the oscillatory movements of individ-
ual elements (55, 58). The forces estimated in this study are the
sum of all forces acting on the ovipositor valves and can there-
fore not be directly compared with those in the mosquito exper-
iments. The actual forces the valves exert on the substrate and
friction forces within the substrate are probably substantially big-
ger. Unfortunately, it is currently not possible to obtain these
forces in vivo. In addition, making accurate estimates of muscle
forces is extremely difficult because of the small size of the ani-
mals. Our data nevertheless indicate that ovipositors can highly
efficiently drill inside substrates, possibly with minimal net out-
side pushing force.

We observed that curved ovipositor trajectories were obtained
using both insertion methods. The presence of multiple curves
in single insertions indicates a degree of steering similar to that
observed in previous studies on wasps (25, 37). Furthermore,
the insertion trajectory pattern in a probing session (Fig. 2B)
and the multiple bends within a single insertion are similar to
what has been observed for the probing of hemipterans (35, 59,
60). This indicates that wasps and hemipterans might use simi-
lar mechanisms of probing. Both tend to explore a wide range
of the susbtrate from a single puncture point. Several hypotheses
have been postulated about the mechanism of ovipositor steer-
ing in wasps (5, 32, 33). Our direct observations of the probing
process revealed that steering is achieved by shape changes of
the ovipositor tip (Fig. 5), creating various degrees of geometri-
cal asymmetry. This is similar to the bevelled tip of hypodermic
needles, which has been shown to induce asymmetric reaction
forces from the substrate that result in bending (27, 28, 61, 62).
We observed three ways in which the wasp can create such an
asymmetrical tip.

First, the morphology of the ovipositor tip is asymmetric (Fig.
1A), which might, by itself, result in bending effect, but this was
rarely (n = 2) observed in our experiments. Second, by protract-
ing one or more valves far beyond the other(s), the asymmetry
of the tip is reinforced. This technique was observed during both
insertion methods. In the third, most commonly observed, con-
dition, the ventral valves are protracted to create a pronounced
bevel. Protraction of the ventral valves (or retraction of the dor-
sal valve) caused the tip to bend toward the dorsal valve, prob-
ably because of the so-called preloading. Preloaded elements
curved in a determined direction when no opposing force was
present. The mechanism of preloaded elements has been pro-
posed as a possible steering mechanism for hemipteran mouth-
parts (35). Although the incurving properties have been observed
in mouthparts of dead hemipterans (36, 63, 64), they have never
been observed in any species in vivo until now. Combining the
second and the third point, one can expect that a bigger ampli-
tude of ventral valve protraction will lead to stronger curvatures.
This was, however, only partly confirmed in our study, as the
amplitude of the negative offset does not always lead to a big-
ger change in tip orientation (Fig. 6). The inconsistency probably

arises from the analysis of shadow images in which no distinction
can be made between the two ventral valves, but which was nec-
essary to increase the depth of focus of our recordings.

Our results show that wasps can explore a large volume by
using the insertion and steering mechanisms described above.
Furthermore, the wasp can do this from a single body orienta-
tion, using a single puncture point. Puncturing is arguably the
most difficult step in probing, and it is therefore beneficial for
the wasp if the ovipositor can be steered in any direction from a
single puncture point. However, steering mechanisms described
above only explain bending in one direction. Considering that
the animal does not change the position of the body, the only
other possible explanation for the observed range is that the ani-
mals are capable of rotating the ovipositor or its tip within the
substrate.

For our species, the range can be envisioned similarly to a
cone with the height equal to the length of the ovipositor and
a curved base. The radius of the cone is dependent on the sub-
strate stiffness and is slightly larger in the soft substrate. Despite
a larger radius in the soft gel, the majority of insertions were still
nearly straight, including insertions with a large horizontal dis-
placement. This may be because the wasps inserted their ovipos-
itors at acute angles with respect to the substrate surface. Unfor-
tunately, it was impossible to determine the angle between the
ovipositor and the substrate at the time of puncturing with our
camera setup. Puncturing at acute angles is only possible when
forces are small, because large lateral forces might result in buck-
ling. In soft substrates, these forces are smaller than in stiff ones,
allowing the wasps to puncture at shallow angles. However, such
an angular insertion limits the possibility to probe in the opposite
direction, because that would require very high curvatures.

In the stiff gel, there is a larger need to position the ovipos-
itor perpendicular to the surface to avoid large lateral forces
that might result in buckling. Therefore, in stiff substrates, wasps
need to use bending of the ovipositor to enlarge their probing
space. Our data show that this is achieved by adjusting the curva-
ture for which relative movements of the valves are crucial. This
is probably enhanced by the stronger reaction forces experienced
as a result of the stiffer gel.

We also showed that substrate density has a negative effect
on insertion speed. Stiffness (Fig. S1) and failure stress increase
with gel density (65, 66), which makes penetration into denser
substrates more energetically costly. The natural substrates the
wasps probe into for hosts are, amongst others, citrus fruits,
peaches, figs, and apples (67–69). It is impossbile to visualize
the probing process in such substrates, so we substituted them
for translucent gellan gels of different densities. There are some
important differences between the gels and the fruits, as the
latter are anisotropic and composed of layers and fibers. The
shear and elastic moduli (Fig. S1) of the softest gel used in
this study were approximately two orders of magnitude smaller
than the moduli reported for mature peaches (70, 71) and the
peel of citrus fruits (72, 73). The densest gel was only one
order of magnitude softer than these fruits. The reported val-
ues for fruits are estimates of a healthy condition, and it is
expected that they drastically decrease in fruits infested with
fruit-fly larvae. Unfortunately, mechanical properties of the rele-
vant decaying fruits are not known. It is thus impossible to deter-
mine whether the physical properties of the gels used in this
study match those of the decaying fruit. Our estimation is that
the gels represent such conditions reasonably well. Because we
saw changes in probing kinematics in different gel densities, we
hypothesize that wasps can adapt to different material properties
in fruits.

Similar to increased substrate density, curving of the oviposi-
tor also increased the amount of energy required for ovipositor
insertion due to increased friction between the ovipositor and

Cerkvenik et al. PNAS | Published online August 28, 2017 | E7827

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
7,

 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706162114/-/DCSupplemental/pnas.201706162SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706162114/-/DCSupplemental/pnas.201706162SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706162114/-/DCSupplemental/pnas.201706162SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706162114/-/DCSupplemental/pnas.201706162SI.pdf?targetid=nameddest=SF1


www.manaraa.com

the substrate. This explains the lower insertion speeds for curved
parts of trajectories observed in our study. It also indicates that
curving is an energetically expensive behavior that might be bet-
ter avoided if possible.

We show that reciprocal valve movements are used when
inserting slender probes into solid substrates. The estimated net
forces acting on the valves are the first quantification of the push–
pull mechanism in vivo. The low values are in agreement with
the proposed insertion mechanism characterized by minimal net
external pushing force. Furthermore, the relative position of the
valves dictates the shape of the tip and influences the direction
of probe insertion, probably by manipulating the size and direc-
tion of the substrate reaction forces. This improves the insight in
the overall mechanism of oviposition in hymenopterans. Under-
standing of the mechanism will deepen the knowledge of adapta-
tions in the ovipositor apparatus and the evolution of the taxon
as a whole.

In addition, our findings can help advance the development of
steerable man-made probes that is on the rise in the past decade
(27, 62, 74) and is particularly relevant for the design of multiele-
ment probes (39, 40, 75). Miniaturization of the needle diameter
should presumably be possible also for the needles used in solid
substrates if the individual elements are operated in an alternat-
ing manner. The adjustable bevel shape, although already par-
tially implemented (e.g., ref. 61), can be greatly enhanced by
implementing pretension of the elements. Despite having mul-
tiple elements, the control of such needles may not necessarily
be complicated, as it would be enough to monitor the juxtaposi-
tion of individual elements that would dictate the direction and
amplitude of curving.

Materials and Methods
Substrate Properties. We used gellan gel, a microbial polysaccharide (76),
as the probing substrate because of its translucency, isotropic properties,
and readiness of the animals to insert their ovipositors in it. The rheo-
logical properties, namely, the storage (G′) and loss (G′′) moduli, of the
gels used in the experiments were measured with a rotational rheometer
(Anton Paar) and a cone plate probe (diameter of 25 mm) at 20◦C. The
gels were amorphous and considered isotropic (i.e., random cross-linking of
hydrophilic polymer chains was assumed). To ensure a strong contact with
the equipment, the gels were poured onto the base plate, and the probe
was lowered into the gels while they were still warm. The gel was then left
to cool down before starting the experiments. The linear strain region of
the gel was obtained by first measuring the response to a changing strain
(amplitude range: 0.1–100%) at a constant angular velocity (0.16 rad s−1).
Another gel of the same concentration was used for the measurements at
a constant strain within the linear strain regime (0.2%) with a changing
angular frequency of the probe (1–100 rad s−1). The frequency measure-
ments were repeated three times with 1-min intervals. The obtained moduli
were averaged across repetitions and frequencies to calculate the dynamic
shear modulus (G∗) and the dynamic elastic modulus (E∗). We assumed a
Poisson’s ratio (ν) of 0.5 because of the high water content of the gels. See
SI Materials and Methods for details of the calculations.

Animals. Adult parasitic wasps (D. longicaudata) and their host, the Medi-
terranean fruit-fly Ceratitis capitata) were kept separately in rearing cages
(30 × 30 × 30 cm, BugDorm; MegaView Science) at 24 ◦C and 12/12-h
light/dark cycle, with ad libitum access to water and food. Wasp were fed
commercially available honey, and flies were fed a mixture of glucose and
brewer’s yeast dissolved in tap water.

The flies could freely reproduce and lay their eggs in perforated plas-
tic bottles. The eggs were harvested and put in oxygenated water for 1 d
before transferring them to the larval medium, which was a mixture of
brewer’s yeast, carrot powder, sodium benzoate (food preservative), methyl-
paraben (antifungal agent), hydrochloric acid (HCl; acidity regulator), and
tap water. The larvae were exposed to parasitoids between the fourth and
seventh day after hatching. After parasitation, the larvae were taken away
from the wasps and left to develop and pupate in small boxes of vermiculite.
After ∼2 wk, the wasps emerged from pupae of parasitized larvae. Fly lar-
vae used for propagation of fly colonies were never exposed to parasitation
and were kept apart from the wasps. For details of the rearing protocol, see
SI Materials and Methods.

Experimental Setup and Data Acquisition. The 3D insertion path of the
ovipositor in the substrate was recorded with two synchronized high-speed
video cameras (Fastcam SA-X2; Photron) fitted with macro lenses (MP-E 65;
Canon; 5× magnification factor) at 125 fps. The cameras’ optical axes were
perpendicular to each other (89 ± 1 ◦; Fig. 7A). Two near-collimated light
beams were produced by using combinations of an approximate point light
source and a 4-diopter lens, arranged in a backlight configuration. This
resulted in a shadow image and a depth of focus of ∼1 mm. The cameras
recorded probing events in a cuvette (inner dimensions 10.5×10.5×6 mm)
with the probing medium in the center. A micromanipulator allowed trans-
lation of the cuvette in three directions to get the ovipositor within the field
of view and the depth of field of the cameras. The cuvette was located in a
closed-off glass arena (inner dimensions 48× 48× 48 mm).

Conversion of camera image pixels to the actual distances was done by
using still images of copper specimen support grids for electron microscopy
(0050-Cu; Electron Microscopy Sciences). The grid mesh size was measured
with a calibrated microscope (Leica M205FA; Leica Microsystems; 20× mag-
nification), after which the grids were put in a cuvette and embedded in the
gel, which was also used in the experiments (see below). The difference in
vertical position of the cameras was corrected based on the mean vertical
coordinate (depth) of the most distal part of the tracked ovipositor tip in
both camera views.

An additional camera (piA640-210-gm, 50 fps; Basler AG; with a Nikkor
AF-50 lens; Nikon) recorded the spatial orientation of the probing wasp
from above. The conversion from pixels to actual lengths for the images of
this camera was calculated based on the known dimensions of the cuvette.
Image time stamps were used to match the recordings between nonsynchro-
nized cameras.

Probing behavior was recorded (Fig. 7A) in substrates with two different
densities to assess the effect of substrate properties. The substrate contained
commercially available apple juice (10%), tap water (90%), and gelling
agent (Phytagel; Sigma-Aldrich) in either 0.02 g mL−1 (2%) or 0.04 g mL−1

(4%). The bottom of each cuvette contained a live, 4- to 7-d-old C. capitata
larva and some of its rearing medium, covered with a fine cloth. A piece
of wet filter paper with thinly spread larval medium was on the top of the
substrate. The presence of these cues induced and prolonged the probing
behaviors of the wasps. At the start of an experiment, several wasps were
put in the arena, and nonresponsive females (i.e., those not motivated to
probe) were removed until only one responsive animal was left. Upon initi-
ation of probing, the position of the arena was manually adjusted to have
the ovipositor in focus, after which no further adjustments were made to
avoid movement artefacts. After a successful recording, wasps were isolated
to ensure analysis of probing behavior of each animal in both 2% and 4%
substrate. Each gel was used for several wasps until either the gel started
showing signs of drying or the transparency reduced too much due to the
number of probing paths.

high-speed
cameras

lens
point source

top
camera

arena
(animals)

offset

tangent vt

v

final
path

A B

Fig. 7. Experimental setup and calculation of insertion speed. (A) Two high-
speed cameras were positioned perpendicular to each other, each aligned
with a near-collimated light beam (yellow). The arena with the substrate-
filled cuvette and the animals was located in the field of view of both cam-
eras. The third camera was located above the experimental arena, directed
downward. (B) Schematics of the ovipositor during insertion in 2D (only
two valves are shown). The tangential projection (vt) of the valve veloc-
ity (v) along the final centerline (dashed, red line) was taken as the inser-
tion speed. Insertion speed was calculated from the velocity of the fore-
most valve.
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Data Analysis
Automatic Tracking. A single animal usually probed the substrate
more than once. We defined all movements of the ovipositor
made through a single puncture point of the surface as one
insertion session. Such a session in general consisted of sev-
eral insertions, which we defined as movement of the ovipos-
itor into the substrate away from the puncture point. Image
sequences of insertion sessions were split into individual inser-
tions and cropped such that they contained only the full insertion
trajectory.

In these image sequences, the ovipositors were segmented by
using custom-built code in Matlab (Versions R2013a and R2016b;
MathWorks). First, the background (average of first five frames
of each insertion) was subtracted from all images. This was fol-
lowed by a conversion to binary images based on a threshold
adapted to each image sequence such that the ovipositor silhou-
ette was clearly recognizable. Smaller objects and artefacts were
removed by a dilation and erosion procedure, sometimes sup-
plemented with manual input. This section of the ovipositor that
was visible only in the first five frames had to be segmented from
the background images separately and then combined with other
images to obtain a complete trajectory. The segmentation of the
ovipositor in the background images was done with ilastik (ilastik:
Interactive Learning and Segmentation Toolkit; Version 1.1).

By using the cleared images, the centerline of the ovipositor in
each frame was obtained by skeletonizing the segmented ovipos-
itor and fitting a cubic smoothed spline curve through it (good-
ness of fit was determined by visual inspection). Because the tip
of the skeletonized ovipositor was often irregular due to irregu-
larities in the gel, the distal end of the skeleton was not used for
fitting. The position of the most distal part of the ovipositor tip
was determined by linear extrapolation of the centerline up to
the boundary of the segmented ovipositor within >7.5 ◦.

Images from the top camera were cropped and converted
to binary images based on thresholds adapted to the individ-
ual image sequence so that the silhouette of the animal was
clearly recognizable. This was followed by morphological open
and close operations to improve the segmentation. Ellipses were
then fitted to segmented animals in each frame. The orientation
(azimuth) of the animal was defined by the direction angle of the
ellipse’s major axis directed toward the animal’s head with the Y
axis of the world coordinate system (defined below).

The 3D probing trajectories were obtained by combining the
two perpendicular coordinate systems of the cameras into a
right-handed world coordinate system. The 3D trajectories were
smoothed with a quintic spline function to ensure continuous sec-
ond derivatives needed for calculating the curvature. All 3D tra-
jectories were aligned such that the first insertion was set to the
common origin (0, 0, 0). The curves were then rotated around
the Z axis to correct for the orientation of the animals so that the
body axis was aligned with the positive Y axis. For each point of
the trajectories, the amplitude of the curvature κ of the oviposi-
tor was calculated by using the expression obtained from the gen-
eral formula for a parametrically defined curve (77):

κ =
‖ l(s)′ × l(s)′′ ‖
‖ l(s)′ ‖3

=

√
(y ′z ′′ − y ′′z ′)2 + (x ′′z ′ − x ′z ′′)2 + (x ′y ′′ − x ′′y ′)2

(x ′2 + y ′2 + z ′2)3
,

where l(s) is the vector function of the curve expressed as func-
tion of its arc length (s), and ′ and ′′ denote the first and second
derivatives with respect to the arc length. The dimensionless cur-
vature was obtained by multiplying κ with the diameter of the
ovipositor (30µm, estimated from SEM images).

Probing velocity was calculated by taking the gradient of the
filtered position data of the most distal part of the ovipositor tip

(2nd order low-pass Butterworth filter, cutoff frequency 15 Hz
applied twice using Matlab “filtfilt” function, effectively using a
4th order filter).

In the analysis of the 3D dataset, the insertion speed was taken
as the magnitude of the component of the velocity vector tangen-
tial to the centerline of the final path at each time point (Fig. 7B).
Retractions were not analyzed. The speed of the foremost valve
was taken as the insertion speed of the entire ovipositor.

Analysis of valve kinematics in 2D was done for three inser-
tion examples where individual valves were clearly in focus (see
below). Valve insertion and retraction speeds were calculated as
the magnitude of the components of the instantaneous veloc-
ity tangential to the instantaneous ovipositor centerline in each
frame. We also discriminated between the speed of the dorsal
and the foremost ventral valve.

Analysis of Valve Kinematics. The high magnification used, re-
sulted in a narrow depth of field (DoF), which limited the track-
ing to a single camera view and to only parts of insertions. We
chose image sequences where the ovipositor was moving within
the plane of the DoF (i.e., did not curve in the view of the sec-
ond camera). In our backlit images, only silhouettes of the valves
were discernible, so only the most protruded (foremost) ventral
valve could be recognized. The most distal ends of the dorsal
and the foremost ventral valve tips were manually digitized in all
frames where the ovipositor tip was in focus. The dorsal valve
could easily be distinguished from the ventral valves based on its
morphology (Fig. 1A).

The digitized points together with the frame-by-frame center-
lines were used to calculate the tangential velocity of the valves
as described above. In addition, the distance between the digi-
tized most distal ends of the valve tips in each frame was taken as
the offset between the valves. Positive offset denotes protraction
of the dorsal valve, and negative denotes the protraction of the
foremost ventral valve.

The ovipositor was segmented as described above, except
for the example shown in Fig. 6C, which was done by using
ilastik. In the latter example, the segmentation routine in
Matlab yielded unsatisfactory results due to a complex back-
ground of the images. Automated tracking of the insertion
was accurate, so there was no need to remove spurious ends
of the skeletons and the extrapolation of the centerlines
(as above).

Orientation of the ovipositor tip during insertion was calcu-
lated from the end part of the centerline. The length of the end
part was taken as one-third of the length of the dorsal valve tip.
We calculated the angle between the orientation of the oviposi-
tor tip and the horizontal plane. We filtered the orientation data
in time (2nd order low-pass Butterworth filter, cutoff frequency
18.75 Hz applied twice using the Matlab filtfilt function), which
reduced the frame to frame artefacts, but retained the overall
temporal characteristics (Fig. S7 A–C). We then transformed
the orientation data from the image frame of reference into the
ovipositor frame of reference by subtracting the baseline orienta-
tion (2nd order low-pass Butterworth filter, cutoff frequency 1 Hz
applied twice by using the Matlab filtfilt function) from the direc-
tion data (Fig. S7 D–F).

The data are available on Dryad (http://dx.doi.org/10.5061/
dryad.8bc95).

Estimating the Accelerations and the Net Forces on the Valves. The
net forces on the valves (Figs. S3–S5) were estimated by taking
the second derivative of the filtered position data, combined with
a simplified cylindrical model of the ovipositor assuming simple
material properties (Fig. S8). The density of the cuticle was taken
from ref. 78. For details of force calculations see SI Materials and
Methods.
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