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Summary

The forked snake tongue is a muscular organ without
hard skeletal support. A functional interpretation of the
variable arrangement of the intrinsic muscles along the
tongue requires a quantitative analysis of the motion
performance during tongue protrusion and flicking.
Therefore, high-speed fluoroscopy and high-speed stereo
photogrammetry were used to analyse the three-
dimensional shape changes of the tongue iRPython
molurus bivittatus(Boidae). The posterior protruding part
of the tongue elongated up to 130% while the flicking
anterior portion elongated maximally 60%. The
differences in tongue strains relate to the absence or
presence, respectively, of longitudinal muscle fibres in the

(20mm) was reached during the first tongue flick. These
observations are discussed within the scope of the
biomechanical constraints of hydrostatic tongue
protrusion: a negative forward pressure gradient,

longitudinal tongue compliance and axial tongue stiffness.
The three-dimensional deformation varied along the
tongue with a mean curvature of 0.08nm=1 and a

maximum value of 0.5mm-1. At the basis of the anterior

forked portion of the tongue tips, extreme curvatures up

to 2.0mm~! were observed. These quantitative results
support previously proposed inferences about a
hydrostatic elongation mechanism and may serve to
evaluate future dynamic models of tongue flicking.

peripheral tongue. Maximum overall protrusion velocity
(4.3m s occurred initially when the tongue tip left the
mouth. Maximum tongue length of ~0.01 body length

Key words: snake, tongue, tongue sheet, muscular hydrostat,
flicking, curvature, 3-D kinematics, high-speed fluoroscopy, X-ray.

Introduction

Snakes and some other squamates use forked tongues linstead, the tongue behaves like an almost incompressible
chemo- and mechanoreception (Schwenk, 1994, 1995; Belsmuscular hydrostat (cf. Kier and Smith, 1985) with interesting
al., 1994). During a probing action, the tongue protrudessimilarities to the highly extensible muscular tentacles in squid
oscillates (flicks) while collecting airborne and substrate-fixeqvan Leeuwen and Kier, 1997). Muscle fibre activation leads
chemical particles and subsequently retracts (Ulinski, 1972p complex distributions of fibre forces and fluid pressures that
Gove, 1979). In the mouth, chemicals are transported to ardrive’ the deformations in the tongue. A quantitative analysis
stimulate the vomeronasal organ (e.g. Meredith and Burghardif the tongue is challenging due to complex connective tissue
1978; Bertmar, 1981; Gillingham and Clark, 1981; Young,and muscle fibre arrangements, highly non-linear mechanical
1990; Schwenk, 1994, 1995). The pattern of tongue flicking ifssue properties and very large deformations.
related to external stimuli, such as the presence of prey or The protruding tongue must satisfy three important
predators, and involves behavioural and seasonal aspects (ergpchanical demands. First, a negative longitudinal pressure
Chiszar et al., 1976, 1977; Gove, 1979; Graves and Halpergradient is required in the tongue, similar to that in an
1990; Bels et al., 1994). extending squid tentacle (Van Leeuwen and Kier, 1997);

The mechanisms of tongue protrusion and superimposescond, a sufficiently high axial stiffness to prevent excessive
tongue flicking in snakes are still poorly understood. Théending; third, enough longitudinal compliance to
intrinsic and extrinsic muscles involved were identified byaccommodate the extreme overall elongation of ~100%
morphological studies (Gnanamuthu, 1937; Hershkowitz(Smith, 1984). Superimposed tongue flicking requires
1941; Frazzetta, 1966; Langebartel, 1968; Kier and Smittprecisely controlled spatial variations in axial compliance and
1985; Smith and Mackay, 1990), electromyographicabending moments.
recordings (Meredith and Burghardt, 1978; Smith, 1984, 1986; To understand the mechanical contribution of the tongue
Herrel et al. 1998) and kinematic observations (Smith, 1984nuscles in terms of forces and work, and consequently tongue
1986; Bels et al. 1994; Herrel et al. 1998). In contrast to severalchitecture, a number of steps is proposed (as summarised by
other squamate taxa, snake tongues lack hard skeletal suppdi@n Leeuwen et al., 2000) that include (1) the measurement of
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A Fig. 1. Schematic dorso-ventral representation of the tongue of
m Python molurusand its extrinsic muscles. (A) Abbreviations: cbr,
cbr ceratobranchial; m, mandible; dsh, distal tongue ensheathing; ggl, m.
gh dsh psh genioglossus; hgl, m. hyoglossus; psh, proximal tongue ensheathing;
_— sh, tongue sheet. The dental bone forms the local coordinate system
 —— - E of the head. Although the head is highly deformable during feeding,
the lower jaws do not deform during tongue flicking. The position of
ggl hal the ceratobranchials is assumed to be fixed to the skull during tongue
flicking (e.g. Bels et al., 1994). The mmenioglossi and the mm.
hyoglossi are able to protract and retract the tongue relative to the
mandibles and ceratobranchials. Proximally on the tongue, the mm.
hyoglossi are ensheathed. This tubular tongue sheet encloses the
tongue distally up to the tongue tips, inverts into itself and connects
to the tongue at the distal tongue ensheathing (McDowell, 1972).
The outer tongue sheet is connected to the muscles and connective
tissue of the mouth floor. The inverted inner part is protruded while
the tongue elongates. (B) Radio-opaque marker positions at rest: 1-5,
local coordinate system fixed (glued) to the jaws (skin); 6, fold of the
tongue sheet at maximum tongue retraction — the outer layer of the
tongue sheet is fixed to the connective tissue of the mouth floor;
7, point of bifurcation (marker injected); 8, proximal tongue
ensheathing (marker glued after manual protrusion of the tongue); 9,
10, tongue base (markers injected). (C) Hypothetical displacements
of the markers indicating the relative translation and elongation of
the soft tissues.

from forward dynamic simulations (e.g. Chiel et al., 1992; Van

C
4 3 Leeuwen and Kier, 1997; Van Leeuwen, 2002).
5 We applied two techniques to record the tongue kinematics
6 of the Burmese pythonPgthon molurus bivittatys The
7 8 = deformation of the whole tongue was recorded by high-speed

fluoroscopy (Snelderwaard et,&002). The 3-D kinematics
of the protruded and flicking tongue that extends out of the
mouth was obtained by high-speed photogrammetry developed
12 for the recording of spatial soft-tissue deformation (de Groot
and Van Leeuwen, 2002). First, a general description of the
tongue morphology and muscle function is presented to
facilitate understanding of the experimental procedures,
kinematic analysis and functional interpretation.
the architecture and tissue properties, (2) the development of
a quantitative model that predicts the optimal design of the Tongue morphology
system and (3) the acquisition of experimental data for The shake tongue, schematically represented inlPRigcan
comparison with model predictions. A spatial forward-be divided into three portions: (1) the distal bifurcated tongue
dynamics model of snake tongue is currently being developéips, (2) an anterior portion of the tongue, which protrudes out
(Van Leeuwen, 2002) that accepts microscopic data on tongwé the mouth during tongue flicking, and (3) a posterior portion
morphology (Smith and Mackay, 1990) and material propertiesf the tongue that remains almost entirely within the mouth
of the tissues as input. during protrusion (Smith and Mackay, 1990). The tongue is
In the present paper, we quantify the forward translation ansuspended in the floor of the mouth by a folded tongue sheet
internal elongation of the whole tongue body, i.e. from thehat is dorsally stiffened by the larynx and trachea (McDowell,
proximal tongue ensheathing to the point of bifurcation1972). The origin of the tongue sheet attaches at the posterior
(Fig. 1), and distinguish between the contribution of theend of the tongue body and inserts at the transition between
posterior portion of the tongue and the anterior (extendedhe anterior and the posterior portions of the tongue ZAY.
portion of the tongue. We quantify the mechanical behaviouin the fully retracted tongue, the ‘outer sheet’ covers the
of the tongue during flicking, in particular its protrusion andcomplete tongue (Fi®B). Anteriorly, the sheet folds inward
spatial kinematics. The selected kinematic variables such asd forms a second ‘inner sheet’. The inner sheet covers the
local tongue acceleration, velocity and position and thanterior portion of the retracted tongue. When the tongue is
changing 3-D shape of the tongue are similar to those derivédlly extended, the sheathing is completely unfolded and
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base, preventing the tongue base of the elongating tongue from
moving posteriorly (cf. chameleon tongue projection; Herrel et
al., 2000; de Groot and Van Leeuwen, in press) and contributing
to the forward tongue translation.

The muscle fibre distribution in the anterior portion of the
tongue differs from the posterior portion (Hershkowitz, 1941;
Kier and Smith, 1985; Smith and Mackay, 1990). A transverse
section of the posterior portion of the tongue reveals the paired
longitudinal mm. hyoglossi, the transversal m. verticalis and
T T m. transversus and the circumferential m. circularis (Kier and

HEEEEN ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Smith, 1985; Smith and Mackay, 1990). In the anterior portion

also, dorsal longitudinal bundles are found (Hershkovitz, 1941;
Smith and Mackay, 1990). Contraction of the circumferential
‘ and transverse muscles results in a tongue diameter decrease

T
Fig. 2. Schematic representation of the longitudinal deformation oEnd' due to the incompressible character of the muscular

the tongue body and the interaction with the tongue ensheathing. T %/ drc:)Lsgt;l;,) tor_]l%ie Scl)or::g%té%n (alzlte; i:(ijstsr::]:)tzt,r;c?tisosr,l Cof}le{heet
extrinsic muscles are only partly drawn. Abbreviations: dsh, dist # e . 9 ;

tongue ensheathing: ggl, m. genioglossus: hgl, m. hyoglossus; paslg’ng!tud!nal muscle fibres of.the mm. hyoglos& and dorsal

proximal tongue ensheathing; sh, tongue sheet. (A) Detall froripngitudinal muscles results in the shortening of the tongue
Fig. 1A. The tongue sheet is a tubular structure that inserts th@ody. Dorso-ventral bending of the anterior tongue depends on
tongue body at the proximal and distal ensheathing, thus formingthe contractile state of the mm. hyoglossi and the dorsal
loose second ‘skin’ around the tongue body. (B) In the retractetbngitudinal muscles, in combination with gravitational forces

‘rest’ position, the tubular sheet distally folds inward, resulting in a(Smith and Kier, 1989).

double sheathing along the tongue tip. The outer layer of the tongue Electromyographical (EMG) recordings in snakes (Meredith

sheet is fixed to the connective tissue of the mouth floor (as indicategy Burghardt, 1978) and other tongue-flicking squamates
by the thin vertical lines). (C) While the tongue protrudes, the inne Smith, 1984; Herrel et al., 1998) indicated an involvement of

sheet unfolds outward as the posterior tongue part, i.e. between : : . . .
. X ; - mm genioglossi during protraction and the mm. hyoglossi
proximal and distal ensheathing, elongates and the distal tongue p rte 9 9 gp yog

is revealed. Thus, the tongue sheet forms an almost frictionle uring sgbsequent retraction. Activation. Of_ intrin;ic tongue
bearing for tongue protrusion. muscle _flbres was recordgd in c;ombm_aﬂon WIth tongue
kinematics (mm. hyoglossi, m. circularis) during tongue
protrusion of Tupinambis and Varanus during feeding.
envelops only the outer surface of the posterior portion of thimtrinsic longitudinal straining of more than 100% coincided
tongue (Fig2C; McDowell, 1972; J. H. de Groot and I. van with the activity of m. circularis (Smith, 1984, 1986).
der Sluijs, personal observations). Only the outer sheet is
connected to the floor of the mouth and allows the posterior
portion of the tongue to elongate freely, without straining the Materials and methods
connective tissues of the mouth floor. Tongue flicking of Python molurus bivittatu&uhl 1820
The major tongue muscles, the paired m. hyoglossugfemale, snout—vent length=2n0 body mass=4g, 1.Syears
originate from the posterior part of the external tongueof age) was recorded with a high-speed digital video camera
skeleton, i.e. the cartilaginous hyoids. The individual muscle@odak SR-500, resolution: 5%280 pixels) and three mirrors
converge in & shape, ‘enter’ the tongue and extend along th¢o obtain synchronous images of the tongue from four different
entire length of the tongue while keeping their separate identityiewpoints on every video frame (Fig). The 3-D position of
(Hershkovitz, 1941; Langebartel, 1968; McDowell, 1972;the tongue axis was estimated from the recorded images (de
Smith and Mackay, 1990). The mimyoglossi continue into Groot and Van Leeuwen, 2002). The internal translations and
the tongue tips. Activation of the extrinsic posterior portion ofdeformations of the tongue were recorded by high-speed
the mm. hyoglossi generates retracting forces on the whoftuoroscopy (Snelderwaard et al., 2002). Prior to the motion
tongue body. Activation of the intrinsic mrhyoglossi tends recording, the python was not fed for two weeks. The local
to shorten the tongue locally due to the longitudinakthical committee (U-DEC 98022) approved all experiments.
arrangement of the muscle fibres. Spatial left—right asymmetry In the following, the tongue is defined as the non-bifurcated
of the intrinsic longitudinal muscle fibre activation results inportion of the tongue body. The motions of the tongue tips

lateral bending forces. were not quantified.
The antagonists of the extrinsic part of the mm. hyoglossi are _
the mm genioglossi, originating from the dentary bone and High-speed fluoroscopy

inserting into the posterior part of the outer sheathing (Frazzetta, Surgically inserted radio-opaque (lead) markers helped to
1966; Langebartel, 1968; McDowell, 1972). Activated mm identify the positions of relevant landmarks of the tongue.
genioglossi generate protracting translation forces on the tongtiigh-speed X-ray fluoroscopy of these markers allowed us to
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minimising 2-D projection artefacts due to lateral curving of
the tongue. Selection was instantly made through visual
inspection. After each successful recording, a perforated metal
plate was recorded in the plane of the tongue flick. The grid
image was used to calibrate the image (scaling and correction
of image deformation) by means of a custom-made computer
programme. Finally, nine recordings were selected, and the
positions of all markers were digitised. The positions of
markers 6-10 were expressed in the head-fixed coordinate
frame using markers 1-5. The positich ¢f the radio-opaque
markers and their mutual longitudinal distancés Were
determined in two tongue positions: the initial position at rest
(X0, lo) and at maximum tongue protrusion with the tongue
straight in front of the mouthx, Im). Subsequently, the tongue
translation relative to the head=(xm—X0), and maximum
tongue straingmax=(Im—0)/lo, were calculated.

3-D motion analysis

The python was placed in a plastic tunnel of
Fig.3. Camera frame oPython molurusduring a tongue flick 1-0mx0.3mx0.3m. At one end of the tunnel, a ‘collar’ of
(Kodak SR-500; resolution 5%280pixels). Four images were three mirrors was placed with an opening that just fitted the
recorded synchronically by the use of three supplementary mirrorfiead of the python. The angle of the mirrors with the vertical
resulting in: (A) frontal image (direct camera view); (B) right lateral frontal plane was ~45°. A high-speed digital camera (Kodak
image (mirror); (C) dorsal image (mirror); (D) left lateral image Motion Analyzer SR-500, resolution 54£80pixels) was
(mirror). placed at ~In in front of the opening.

The python was lured to put her head through the opening

with rat scent on cotton wool. Once through the hole, the head

measure the separate contributions of whole tongue translatigng the exposed tongue were projected by the three mirrors

and length changes of the tongue to protrusion and retractiO(Fig_ 3). In each camera frame, four images of the head and

The python was instrumented under complete anaesthesig,q e were obtained: frontal (A), right lateral (B), dorsal (C)
(200mI min~* of 1.5% isofluoran, 13mI min-t N2O). The 5,4 jeft Jateral (D), resulting in four synchronous projections
chosen marker locations (FibB) were based on careful ¢ he 3-p position of the tongue relative to the head. The
dissections of preserved and freshly frozen specimens @ ameters that relate the image coordinates to 3-D positions
Python molurus bivittatuand related specie®ython sebae \yere calibrated by direct linear transformation (DLT; see
Python regiusand Boa constrictor constrictgr The markers Woltring and Huiskes, 1990). This resulted in 11 DLT

were either glued on or injected into different structures of 53 meters per image that were valid for all subsequent frames

the tongue system. The glued markers were disk-shapeg 5 (ongue-flick event due to the fixed positions of camera and
(height=0.2mm, J=1 mm) and glued onto the head (markers i-rors.

1-4), onto the jaw (5), onto the mouth floor just adjacent to the 1,ee tongue-flick sequences were recorded at

distal insertion of the tongue sheet to the floor of the mouth (6)50ramessL. Assuming symmetry along the central axis of
and, after manual protraction of the tongue, onto the posterigfe tongue, the 3-D position of the central axis of the tongue
ensheathing, adjacent to the proximal insertion of the tongu&, |4 pe derived from the contours of the tongue projections.

sheet (8). The injected markers were cylinder-shapegpe method used here was described in detail elsewhere (de
(lengthel mm, [J=0.3mm) and inserted into the point of oot and Van Leeuwen 2002).

bifurcation of the tongue (marker 7) and into the mm. hyoglossi £,; each recorded frame, the coordinates of the finite 3-D

through an incision in the skin (9, 10). _ _tongue axis, i.e. from mouth opening to the point of
The instrumented python was placed into a plastigrcation, were described by a third-order polynomial curve.

(Plexiglas) tunnel (Inx0.3mx0.3m) that could be moved This curve was defined by a coefficient vedesi(ao, au, a2,
relative to the X-ray camera system. Lateral images of thg8 bo, by, ba, bs, Co, c1, C2, ¢3) and variables. For each value
tongue at 25@ramess! (shutter 1/3008) were stored by of 0ss<1 and for the givenP-coefficients, a unique

recording the X-ray fluoroscopy image of the internal imageompination ofx, y andz coordinates was defined (e.g. Van
intensifier with a high-speed digital camera (Kodak Motionyar Helm et al. 1992):

Analyzer SR-500, resolution 52280 pixels; Snelderwaard et

al., 2002). Only tongue flick sequences with long tongue X=ap+a1s+aps®+ass® for s [0,1], (1)
lengths and performed in the mid-sagittal plane of the head

(within approximately 15°) were selected for analysis, thus y=bo+b1s+bps?+bss® for s [0,1], 2)
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z=Cop+C1s+Co?+c3s? for s [0,1] . 3) T

Each of the four images recorded in one frame wa
calibrated by means of 11 DLT parameters and resulted in
unigue mathematical relationship between the 2-D projectior
and the 3-D coordinates. Thus, for each combination of 2-I
image coordinatesau(V), a spatial 3-D positiorx(y, z) could
be calculated andice versa The position of the tongue axis
was estimated by calculating the single combinatiorP-of
coefficients for which the projection of the 3-D tongue axis
[x(s), y(s), z(s)] optimally fitted the recorded and digitised
projections of the central tongue axis V) in each of the four
images in the frame. This optimal fit was obtained by
application of a simplex optimisation routine. This prOCGdurE\Fig.4. Schematic representation for the calculation of tongue
was repeated for each recorded frame. Thus, for each framecyrature. The solid line, including seven discrete points, represents
the recorded tongue-flick sequence, a set dP-tdefficients 5 digitised section of the tongue. A circle with radiwd centrevi
was obtained. Fan frames, the result is a time tracersfl2 s stepwise estimated along the tongue through each set of three
coefficients. Finally, the time trace of each coefficient wascontiguous points along the tongue axis, e.g. the three black dots
filtered (25Hz low-pass recursive Butterworth filter), which sh-1, s» and sn+1 [i.e. for s=(0, 0.02, 0.04, ..., 1); equations 1-3].
resulted in a mathematical 3-D description of the tongue axSubsequently, ah, the curvatureC (i.e. 1f) was determined. This
for a complete tongue flick. was repeated for each_ point at the tongue axis except for the tongue

The P-coefficients (and thus the localy andz coordinates ~ Pase €0) and tongue tipst1).
of the central tongue axis) were calculated in the coordinal
system of the calibration frame. The coordinates were . .
subsequently expressed in the local coordinate system of t earkers n the se_lect|on of frames where_ the tongue was
snake head with theaxis as the longitudinal axis of the mid- protruded linearly in front of the mouth (for instance, marker

. . . 7 in Fig.1B,C is straight in front of the mouth). The
sagittal plane, i.e. from caudal to rostral, thaxis as the . .

. . . . : displacements and deformations of the tongue were expressed
vertical axis of the mid-sagittal plane, i.e. from ventral to

. X L ._ralong the posterior—anterigraxis. The posterior boundary of
dorsal, and the-axis as the right lateral axis, i.e. from medial ! o
0 the right-hand side f[he tongu_e was defined by the mean position of the two markers
' inserted into the mm. hyoglossi (markers 9 and 10; Hig.

From the 3-D description, we derived the external protru5|orﬂ/Iarker 7 indicated the anterior boundary of the tongue.

length by integration along the longitudinal axis for each The tongue positions and translations relative to the ‘fixed’

recorded image from the mouth opening to the b'furcatlorr'narker at the mouth floor (marker 6; Fig.and lengths and

point of the tongue. Protrusion velocity and acceleration Were . rmations are summarised in TableThe initial position
obtained from the first and second time differential of the P

_ : of the tongue in the mouth varied with a standard deviation
external length trace. Tongue curvatu@e= 1/radius), along o
; : . . s.0.) of 16.6emm. The initial tongue length=25mm) was
the axis was numerically determined from 51 points along th _ .
. . . . almost constants(p.=0.54mm). The maximum tongue length
tongue axis fos=(0, 0.02, ..., 1) (equatiorns-3). A circle with o .
; : showed a large variation, as reflected by the igh The
radiusr and centreM was numerically calculated for each set s ) . .
. : . . general variation will even be higher as we made a selection
of three contiguous points along the tongue axis @ig. . L .
. . : . . of tongue flick clusters based on direction and sufficient length.
The 3-D time trace or trajectory of the bifurcation point of

. . . The forward tongue translation, i.e. the average displacement
the tongue during the flick was obtained from equatiesg of markers 9 and 10 in the mm. hyoglossi, was 5.3+0189

for s=1. The velocity and acceleration in the three Coordlnlat‘i"his translation is controlled by external muscle forces and was

directions were obtained from the first and second tIm%enoted as the whole tongue translation. The posterior end of

an elongating tongue would tend to move caudally in the

absence of such forces. The total tongue protrusion was, on

average, more than 110% of the initial tongue length: ~10%

originated from tongue translation and ~100% from tongue

High-speed fluoroscopy elongation. The elongation of the tongue was not uniformly

The movements of the tongue portion that resides in thdistributed. The mean longitudinal strain of the posterior

mouth are not externally visible. However, high-speedortion of the tongue, defined layoseEAlpos/lo,post Was 1.28,

fluoroscopy of radio-opaque markers allowed a quantitativevhile the mean longitudinal strain of the anterior portion,

distinction between the contributions of whole tonguedefined byean=Alan{lo,ans was 0.60.

translation and tongue elongation to protrusion (EgjC).

The presented results are based on nine recordings. The length ~ Three-dimensional high-speed photogrammetry

of the tongue axis was derived only from the position of the The 3-D motion of the longitudinal tongue axis was derived

differential of the position of the bifurcation point.

Results
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Table 1.Mean tongue position (mm), translation (mm) and deformation (%), recorded by high-speed fluoroscopy

INIT MAX DIF REL

(mm) (mm) (mm) (%)
M. hyoglossus: (#9+#10)/2 —80.1+16.61 —74.8+17.05 5.3+0.99 10.8+0.5%
Anterior tongue:  #7-#8 11.0+0.35 17.7+1.24 6.7£1.32 60.5£13.0%
Posterior tongue:  #8—(#9+#10)/2 13.94+0.55 31.6+1.69 17.941.48 128.0+12.5%
Total tongue: #T—(#9+#10)/2 24.9+0.54 49.3+2.32 24.5+2.45 98.0+10.6%

The marker numbers #7—#10 coincide with the numbers inlFieans 1s.0. are given folN=9 different tongue flick sequences.

INIT, the initial (rest) position of the tongue (m. hyoglossus markers) and initial tongue length (mm); MAX, the positiotonftiee(m.
hyoglossus markers) and tongue length at maximum protrusion (mm); DIF, displacement of the tongue (m. hyoglossus maskgrs) and t
elongation from the initial position to maximum protrusion (mm); REL, displacement of the tongue (m. hyoglossus markerguand to
elongation from the initial position to maximum protrusion expressed as a percentage of the initial tongue length.

Table 2.Summary of the temporal and spatial protrusion characteristics of the tongue axis

Max. Max. Mean
Number Protrusion Max. protrusion protrusion  curvature Max.
Cluster of duration protrusion velocity acceleration s.D. curvature
number flicks (s) (m) (rsY (ms? (mnr) (mnr)
1 3 0.60 0.020 0.314 20.1 0.061+0.068 0.44*
2 2 0.46 0.019 0.431 8.8 0.065+0.072 0.49*
3 2 0.42 0.016 0.439 9.0 0.055+0.046 0.39*

*During the final flick of each of the flick clusters, high curvatures ofrin&! up to 2.0mnr2 were recorded at the transition of the tongue
(body) and the tongue tips. These data were not included in the analysis for this table.

Table 3.Summary of the kinematics of the bifurcation point

x-velocity y-velocity z-velocity x-acceleration y-acceleration z-acceleration
Covered (ms ) (ms (ms (ms? (ms? (ms3?
Cluster  distance
number (m) Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.
1 0.113 -0.30 0.29 —-0.54 0.71 —-0.06 0.12 -33.7 22.0 -42.9 34.7 -5.7 6.7
2 0.069 -0.27 0.16 -0.30 0.39 —-0.09 0.05 -16.6 11.6 -15.4 16.4 -5.5 3.5
3 0.081 -0.25 0.40 -0.47 0.42 —0.06 0.12 —26.0 20.1 -33.4 19.7 -7.8 8.9

for three tongue-flick clusters. The 3-D analysis wagqTable2), and the 3-D kinematics of the tongue in the global
necessarily restricted to the externally visible protruded portionoordinate system, i.e. the trajectory, velocity and acceleration of
of the tongue. The duration of a flick cluster, defined from théhe bifurcation point and tongue curvature (TaBl&). The
moment that the tongue tips appeared to the moment that theyaximum external tongue length ranged betweemm6and
disappeared, was 0.80for the first cluster of three flicks, 20mm. The maximum protrusion velocity was observed at the
0.46s for the second cluster and Csifor the third cluster. moment of appearance of the tongue body &jignd ranged
The tongue tips made a remarkable ‘clapping’ motion at theetween 0.3in sTand 0.43n s'1. The maximum tongue length
early appearance of the tongue. The two tongue tips wemeas reached at the first downward flick in each of the three flick
slightly apart initially. Subsequently, the tips adductedclusters (Fig5). The tongue tips in the first and second cluster
maximally, abducted and adducted again prior to théouched the ground during this initial flick.
appearance of the point of bifurcation. After this double The trajectory and kinematics of the bifurcation point were
‘clapping’ motion, the tongue tips finally abducted andderived from equations 1-3 ferl, and the 3-D shape of the
separated for the full duration of the flicking cluster. Thetongue was determined everyn$ for &s<1. The tongue axis
motion of the bifurcated tongue tips was not further includedvas visualised from three mutually perpendicular viewpoints,
in the quantitative 3-D analysis. e.g. lateral, frontal and dorso-ventral (8. The velocity and
The 3-D description of the tongue position allowed the analysiacceleration of the bifurcation point is shown in Higand
of the kinematics along the longitudinal axis of the tongue, i.esummarised in Tabl®. The velocities and accelerations in the
tongue length, protrusion velocity and protrusion acceleratiomertical y-direction were slightly higher than those in the
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Fig. 5. Protrusion (A) and protrusion velocity (B) Bf molurusfor three recorded tongue-flick clusters (cluster 1, black circles; cluster 2, grey
circles; cluster 3, open circles). The clusters differ in duration and maximum protrusion length. The series of smalltpantels af the
figure shows the tongue axis position (lateral view, tongue tip pointing to the right) of the protrusion trace with thelloat@st(black
circles). Each numbered panel corresponds to the same number in the position time trace. Protrusion length was calculse8-Rlong
tongue axis from mouth opening to the bifurcation point of the tongue. At the tips of the tongue started to become visible. Protrusion
was started before the bifurcation point became externally visible, which explains the initial high protrusion velocityk&t€grey) traces

in flick clusters 1 and 2 indicate ground contact of the tongue tips.

horizontal x-direction. The selected tongue flicks remainedwhere the tongue was downwardly directed. In the initial
close to the sagittal plane and resulted therefore in relativelghases of the first and second clusters, a ventral concavity at
low lateral velocities (+0.in s'1) and accelerations (252  the tongue base and the distal tongue was observed, while the
in thez-direction. The time trace of the covered distance of theniddle part was almost straight. In the initial phase of the third
bifurcation point is assumed equivalent to the spatial exposuduster, the tongue tip initially moved dorsally upward with a
of the tongue, i.e. the amount of sampled air during the flickdorsal concavity. During the following downward stroke, the
(Fig. 8). The recorded traces show more or less the same slogersal concavity of the tongue portion near the mouth remained
for the three flicking sequences with a mean velocity of thevhile the distal portion curved ventrally, indicating&shape
bifurcation point of 0.2%n s"1 within a range of 0.0ins1to  along the tongue (Fi@C, pictogram 4). The final phase in all
0.65msL The covered distance of the bifurcation point washree clusters showed a similar pattern. During the last upward
almost proportional to the total duration of the tongue flickstroke, the distal portion is strongly curved ventrally while the
The maximum covered distance for each of the three flickortion near the mouth curves dorsally upward. During the
sequences was 11h3m, 62mm and 8Imm, respectively. final retraction, the distal tongue portion curved dorsally
The curvature of the tongue was calculated at 49 equallypward and subsequently disappeared into the mouth.
distributed sections along the longitudinal axis for each The tongue curvatur€&, averaged along the tongue and for
recorded frame (Fi). The curvature pattern differed for eacheach of the flick clusters, was ~0.06m2, with a maximum
of the clusters. The colours in the figure indicate the curvatureurvature of ~0.5nnt! (Table2). At the transition between
according to the coded colour bar. The repeated red verticéle tongue and the tongue tips, however, the maximum
striation in Fig.9 coincides with an almost straightened tonguecurvature ranged from 1r&nr? to 2.0mnv1 during the final
which in time is followed by an increased curvatureupward stroke. The tips made an angle with the more posterior
(yellow—green—blue). The straightened tongue did notongue body of ~80°.
necessarily point horizontally forward as illustrated in, for The motions of the tongue tips were not quantified. Here,
example, pictogram 4 (Fi§A) and pictogram 6 (Fi®B), we summarise some qualitative observations. During early
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Fig. 6. The 3-D trajectory of the bifurcation point (thick trace) recorded at three different tongue flick clusters (rows 1+3hesel ddferent

views: (A) lateral, (B) frontal and (C) dorso-ventral. The thin lines show the (calculated) position of the protrudechpadrafue axes for
each recorded frame. The arrows indicate the motion direction of the bifurcation point. In the lateral view (A1-A3), theiscides with

the first flick within each of the clusters. The initial tongue flick started twice with a downward protrusion (clusters dnaingr@)nd contact
of the tongue tips (marked by light traces along the tongue tip trajectory) and once with an upward protrusio)(cluster

protrusion, the tongue tips made a repetitive abduction argkrves as the multidirectional ‘carrier’ for these tongue tips
adduction, or double ‘clapping’ movement, before separatingGove, 1979). The precise mechanism of collection of
We could not discriminate whether this movement was @&nvironmental chemical particles and the derivation of, for
mechanical instability caused by the accelerating tongue or aaxample, trailing parameters during tongue flicking (e.g.
intentionally controlled movement. During tongue flicking, theSchwenk, 1994) are still hypothetical. We assume that the
tongue tips moved relatively independently from the tongusuccess of patrticle collection is positively correlated with spatial
and, in two flick sequences, the tongue tips touched the floand temporal exposure of the tongue, i.e. the distance covered
at the first downward oscillation (Fi§s6). by the tongue tip and the duration of tongue flicking. The
aerodynamics may also play an important role in the success of
. . particle collection. The relationship between these ‘key events’
Discussion of tongue exposure, particle collection and the transformation to
Spatial and temporal tongue exposure in relation to  trailing information, which are yet unknown, should be
behaviour identified in order to understand the behavioural constraints of
The tongue tips collect chemical particles and the tongumngue flicking. Gove (1979) determined the spatial exposure
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Fig. 7. (A) Velocity and (B) acceleration traces of the point of bifurcation of the tongue along the covered trajectory foe thadbeeflick

clusters shown in Figs, 6. The range of the time axis is chosen to represent the time interval that the tongue tips are visible for each of the
three tongue flick clusters. The blue curve indicates forward velocity and acceleration, the red curve indicates latgrahdedociéleration

and the green curve indicates vertical velocity and acceleration.

relative to head size in two dimensions. The accuracy of thE5—2Cmm. Simultaneously, the velocity of the tongue tip was
method was sensitive for motions deviating from the sagittaderived. The 3-D motion analysis of the tongue tip (8)g.
plane, and the absolute magnitude of tongue exposure wes/ealed that the tip of the tongue is constantly in motion, which
camouflaged and distorted by relating exposure to head size. Qsirin contrast to what might be concluded from a 2-D motion
three-dimensional approach allows the quantification of spati@nalysis. Tongue flicking is a combination of oscillations in three
exposure independently from the direction of tongue motiororthogonal directions, as illustrated in Fig.
The covered distance of the recorded tongue flicks ranged The mean resultant velocity vector, i.e. the average slope of
between 7@&nm and 110nm with a protruded tongue length of the cumulative covered distance in RBgwas ~0.2%n s for
the three tongue flick clusters analysed. The spatial and
temporal exposure of the tongue seemed to be more or less
Covered bifurcation point trajectory linearly correlated for the observed flicks. The temporal

120 exposure is a good predictor for the spatial exposure for these

observed tongue flicks, i.e. three independent approaches,
100} provoked by the same stimulus. For behavioural studies on a
" single specimen, the time of tongue exposure may turn out to

be an easy to record parameter for spatial exposure. However,
three tongue-flick clusters recorded from one specimen of
python during an explorative type of behaviour are not
sufficient for a definite conclusion.

Distance(mm)
3

40+
Fig. 8. Time trace of the covered distance of the bifurcation point
20+ during the three tongue flick clusters (1, black circles; 2, grey circles;
3, open circles) and indicating the spatial and temporal exposure of
0 the tongue. The mean velocity (026 coincides with the overall

0 0.1 0.2 03 04 05 slope of the curves. Numbering of flick clusters corresponds with
Time (s) Figs5-7,9.
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Fig.9. Tongue length (vertical amplitude) and tongue curvature
along the tongue axis (colour code) through time (horizontal axis) for
each of the first (A), second (B) and third (C) flick clusters.
Numbering of flick clusters corresponds to those of bigs The
upper boundary of each plot represents the changing external tongue
length (from the mouth to the bifurcation point; similar to 5ig).

Each vertical line under the curve represents the absolute cur@ature
(mnrY) indicated by the colour code (see colour bar) along the
tongue axis (mm) at a specific time (s). The numbered series of
lateral tongue shapes in the small pictograms above each curve
coincides with the numbered marks along the upper boundary. For
instance, in A at recording 2 (0s), the anterior portion of the
tongue shows the highest curvature, indicated by the green area
under the upper boundary. At recording 4 (G)}7the tongue is
fairly straight, indicated by the orange area along the vertical axis
(see also the lateral view of the tongue in pictogram 4).

Morphological and functional differentiation of the tongue

On the basis of observed morphological differences between
the anterior and posterior portion of the tongue, Smith and Kier
(1989) and Smith and Mackay (1990) proposed a functional
differentiation in the tongue body. The design of the posterior
portion of the tongue indicated an important contribution in
tongue protrusion, while the asymmetrical arrangement of the
longitudinal fibres in the anterior portion indicated an
important role in flicking. Our high-speed fluoroscopic analysis
of the tongue protrusion revealed 10% forward translation of
the tongue and, simultaneously, 100% elongation of the whole
tongue. The longitudinal strain in the tongue was non-
uniformly distributed. The posterior portion elongated ~128%
while the anterior portion elongated only 60%.

The tongue strains observed Rython and the strains
reported inTupinambis(Smith, 1984) are of the same order
of magnitude. The gross tongue morphologyPgthonand
Tupinambis also show correspondence. The proposed
mechanism of hydrostatic elongation of tentacles and tongues
(Kier and Smith, 1985; Smith and Kier, 1989) and illustrated
by quantitative model simulations (Chiel et al., 1992; van
Leeuwen and Kier, 1997) is likely to be at work in the tongue
of the Python Elongation of the tongue is realised by a
decrease of the cross-sectional area of the tongue, induced by
. . . shortening of the transverse, vertical and circumferential
0 0.1 0.2 0.3 0.4 05 muscle fibres in the tongue.

Time (s) The exact role of the individual intrinsic muscle fibres
during tongue flicking in the entire tongue and specifically in
the anterior tongue portion is difficult to predict from our

The duration of tongue exposure, determined by Gov&inematic study. The gravitational and inertial components, in
(1979) for 26 ophidian species, was minimally W@ with a  combination with the muscle forces, resulted in the observed
mean duration of ~15@s. Tongue exposure should be abovetongue oscillations. Both concave and convex curvatures in the
a lower time limit, such that enough chemical particles arsagittal plane were simultaneously observed along the tongue
collected for an adequate sensory transmission. The duratiamis (Fig.9). During the tongue flicks, curvature waves
will also be related to tongue length and flicking velocitytravelled along the tongue in both forward and backward
(spatial exposure) and the sensory capacity of the vomeronashiections, indicated by the positive and negative slopes of the
organ. With the present 3-D recording technique we illustratgreen (curved) and red (linear) areas in Bidlhe time traces
that it is now possible to quantify and combine these spatialf the oscillations of the bifurcation point were not
and temporal requirements. symmetrical (Fig$, 7). The local stiffness of the tongue along
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= =
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its axis is probably not constant but continuously adjusted by Two solutions may increase the axial stability of a muscular
muscular activity. The exact nature of this control and théaydrostat: firstly, the incorporation of longitudinal muscle
mechanical consequences cannot be derived from kinematifisres in the circumferential periphery of the tongue and,
alone and need to be analysed by dynamic model simulatiosscondly, adding extrinsic support from neighbouring tissues.
(e.g. van Leeuwen, 2002). Both solutions seem to be present in the tongue. Dorsal
At the transition of the tongue to the bifurcated tongue tipdpngitudinal fibre bundles are present in the anterior portion of
extreme curvatures of 1.5A2 1 were observed during the the tongue (Hershkovitz, 1941; Smith and Mackay, 1990). A
final upward motion of the bifurcation point in each of the threecombined activation of the longitudinal muscle fibres (dorsal
flick clusters (Fig9). Hydrostatic shortening requires a fibre bundles and intrinsic mm. hyoglossi) with the transversal
reduced tension in the circular muscles during retraction andntagonists (m. transversus, m. verticalis and m. circularis)
simultaneously, an increased tension in the retractors, whialesults in a higher stiffness of the anterior tongue portion. The
results in a lower bending stiffness of the tongue. The reductidncreased longitudinal forces may explain the reduced strain of
of the length of the flicking tongue results in the redistributiorthe anterior portion, relative to the posterior portion of the
of kinetic energy over a smaller tongue mass. The reducedngue.
vertical diameter of the tongue at the transition of the tongue In the posterior portion of the tongue, such longitudinal
body to the tongue tips in combination with the lowermuscle fibres in the circumferential periphery are absent, while
hydrostatic bending stiffness and the increase of kinetic energyhigh axial stiffness is required in this portion because of the
may explain the extreme curvature during the final upwardcceleration of the anterior tongue mass during protrusion.

motion of the tongue tip. Intrinsic axial stiffness of the posterior portion of the tongue
_ _ by means of peripheral longitudinal muscle fibres potentially
The mechanism of tongue protrusion reduces the protrusion forces and, consequently, the forward

In the Introduction, three demands on tongue protrusioacceleration of the tongue mass. This is in conflict with the
were defined. For the optimal forward protrusion, (1) ademand on longitudinal compliance. We propose that the
negative forward pressure gradient was required in thtongue sheet and adjacent tissue substitute, at least partly, for
muscular hydrostat; (2) sufficiently high stiffness was requiredhe function of an internal stiff entoglossal process. External
to control bending amplitude and (3) enough longitudinakupport of the protruding tongue mass prevents buckling and
compliance was required to accommodate tongue protrusiosimultaneously enables longitudinal compliance.

During protrusion, we observed a forward translation of the The outer sheet is fixed in the mouth floor and is stiffened
tongue that must have originated from the mm. genioglossby the trachea (McDowell, 1972) and envelopes the posterior
The muscle compensated for the backward forces from thgortion of the tongue (Figk, 2). Contraction of the muscles in

intrinsic tongue elongation and generated positive workthe mouth floor, e.g. the m. ceratomandibularis and the m.
Electromyogram (EMG) activity of this muscle has indeedintermandibularis (Frazzetta, 1966; Langebartel, 1968;
been demonstrated for tongue protrusion in snakes (MerediticDowell, 1972), increase the stiffness of the tongue sheet
and Burghardt, 1978) and other tongue-flicking squamatesnd, thus, the external environment of the posterior tongue
(Smith, 1984; Herrel et al., 1998). portion. The folded structure of the sheet contributes to the

The observed 130% elongation of the posterior portion oongitudinal compliance of the posterior portion of the tongue.
the tongue and the 10% superimposed forward translatio@nly the outer sheathing is connected to the mouth floor. The
leave no other conclusion but that a negative forward pressuiewvard fold inserts about halfway along the contracted tongue
gradient must have been generated in the muscular hydrostat.the so-called distal sheathing (Fig®). Elongation of the
The negative forward pressure gradient is likely to beposterior portion of the tongue results in the outward folding
generated by the activation of m. transversus, m. verticalis araf the inner sheathing at the distal fold (R2y. Thus, the
m. circularis and the simultaneous activation of the mmfolded structure functions as a lubricated lining for tongue
genioglossi. protrusion and subsequent retraction. Adventitiously, the

The second and third demand on the protruding hydrostédngue sheet is fully unfolded at the maximum protrusion
involved axial stiffness in combination with longitudinal length (Fig.2) and the stress—strain characteristics of the
compliance. In the snake tongue, the posterior portion of theonnective tissue will constrain further tongue elongation.
tongue ejects the anterior portion of the tongue and the tongueThe external solution for axial stiffness of the posterior
tips. In mechanical terms, the posterior soft body pushes thportion of the tongue is advantageous over the intrinsic
anterior tongue mass out of the mouth. This function requiresolution in the anterior tongue portion because it reduces the
sufficient axial stiffness to prevent buckling of the posteriodongitudinal contracting forces and the effective tongue mass.
tongue portion in combination with longitudinal compliance.This advantage is illustrated by the observed differences in
In most squamates, these requirements are solved by thesterior and anterior strains. The anterior outer portion is
presence of an interior lingual process. Such stiff intrinsiznsupported, i.e. the external stabilisation cannot be applied
structures are absent in snake tongues (Gnanamuthu, 193fter protrusion out of the mouth. Sagittal asymmetry of the
Langebartel, 1968), and a solution must be contained in tHengitudinal muscle fibres is required to resist gravitational
actively controlled soft tissue. forces, and peripheral longitudinal muscle fibres are needed for
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intrinsic stiffness against buckling and not the least for flickinglongitudinal muscle fibres in the anterior portion of the tongue.
Quite interestingly, the muscular tentacular stalks in the squidodification of the peripheral muscle fibres subsequently
Loligo pealeiare mechanically supported by two of the eightenabled tongue flicking. This development is supported by
arms in the initial rapid extension phase during prey capturiticking observations (Gove, 1979; Herrel et al., 1998) and
(Kier and Van Leeuwen, 1997). Perhaps, not surprisingly focoincides with morphological transformations in the anterior
a very similar combination of functional demands (i.e. pushingongue portion (Smith and Mackay, 1990).
and extreme elongation), extrinsic support also evolved here asSeveral authors used the tongue to study the taxonomic
the solution to prevent buckling. relationship between snakes and (tongue-flicking) lizards. The
classification was based on morphological (McDowell, 1972)
Experimental support for the proposed mechanism of tongueind behavioural characters combined with kinematics (Gove,
protrusion 1979), the specialisation of the tongue towards chemoreception
We assumed axial stability in the posterior portion of(e.g. Bels et al., 1994; Kardong et al., 1997) and morphological
the tongue in combination with high compliance in thecharacters combined with kinematics (Smith and Mackay,
longitudinal direction as an important demand for tonguel990; Herrel et al., 1998). We cannot contribute to this
protrusion. This demand is supported by observations in eacliscussion with our limited number of observations.
of the three analysed tongue flick clusters. (1) The highest However, the externally observed tongue flicking is the
accelerations are generated while the tongue is still within theesult of ‘behavioural’ constraints on spatial and temporal
mouth and supported by the tongue sheet: maximum tongue tipngue exposure, biomechanical interactions of constrained
velocities were observed at the moment of initial tongue tipnuscle dynamics and tongue inertia, and ‘evolutionary’
protrusion out of the mouth (Fi§). (2) The tongue tips make constraints in the inherited morphological and neurological
a double ‘clapping’ movement while leaving the mouth,characters. These characters are therefore dependent and
which may indicate mechanical instability during the initial should be analysed in an integrated manner. One means to
acceleration. (3) After the tongue body protrudes beyond thetudy combined morphological characters and physiological
labia of the mouth, the protrusion velocity decreases 8yig. constraints is the forward dynamic model simulation (e.g. Van
and the unsupported tongue portion is not further accelerateldeeuwen, 2002). The predicted kinematics should agree with
(4) The first tongue flick coincides with the maximum tonguethe quantitative findings presented here. The simulations will
length, after which an overall negative protrusion velocity iggive insight into the mechanics and control of tongue flicking
observed (Fig$§,6). The negative acceleration results in aand will give supplementary support for the present plausible

dynamic stability of the tongue. hypotheses on tongue protrusion and tongue flicking. By
_ _ comparing predicted optimal solutions with actual solutions
The mechanism of tongue retraction found in nature, a better understanding can be gained of the

Tongue retraction may be regarded as the opposite of tonguausal factors in the evolution of the tongue.
protrusion with one major difference: during retraction, the
tongue mass is pulled at instead of pushed. Retraction of thewe thank Jurjen van der Meij and Dr Herman Berkhoudt of
tongue mass inherently provides dynamic stability. Thehe Institute of Biology (IBL) at the Leiden University for
extrinsic part of the paired mm. hyoglossi is the only candidatgheir contributions to the analysis of the 3-D high-speed
muscle to retract the whole tongue mass, and the intrinsic pagicordings and the morphology. This research was supported
of the mm. hyoglossi to contract the tongue body (negativey the Earth and Life Sciences Foundation (ALW), subsidised
strain), anteriorly assisted by the longitudinal dorsal musclesy the Netherlands Organisation for Scientific Research
as previously suggested and supported by EMG observatio(I§wO).
of the mm. hyoglossi of garter snakes (Meredith and
Burghardt, 1978) and other tongue-flicking squamates (Smith,
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