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Kinematics of strikes in venomous snakes
Silke G. C. Cleuren1,*,‡, James P. Rule1, Remi Ksas2, Anthony Herrel3,4,5,6, David P. Hocking7 and
Alistair R. Evans1,8,‡

ABSTRACT
Venomous snakes owe their evolutionary success in part to the
effectiveness of their strike. The success of a strike depends on
reaching the prey quickly before it startles and has the chance to
escape. Here, we present the first ever large-scale experiment
comparing strike performance across 36 venomous snake species
from three families (31 Viperidae, 4 Elapidae and 1 Colubridae). We
used two high-speed video cameras (1000 frames s−1) to capture
strikes at a ballistics gel prey and tracked the strike trajectory in three
dimensions. The 3D coordinates were used to measure strike
kinematics and performance. Kinematic performance was compared
withinViperidae across predation style, diel activity pattern, diet, habitat
type, temperature and first jaw contact with prey. Kinematic variables
(peak velocity, peak acceleration, gape angle, start distance, contact
angle, head size) varied by the part of the jaw that first contacts the
prey. Start distance to prey also varied by peak acceleration, jaw gape
angle and contact anglewith prey. Vipers typically reached higher peak
velocities than elapids; however, some elapids such as Acanthophis
rugosus reached equally high velocities. Peak velocities were found to
be higher in ambush predators and in snakes that prey on mammalian
prey. Prey was often reached within 100 ms, which falls within the
mammalian startle response. Behavioural differences across the
three families were also observed: Viperidae performed a smooth
strike that was often followed by fang repositioning; Elapidae reached
their prey quickly, bit and repeatedly squeezed prey with their jaws; and
Colubridae used their rear-positioned fangs byalternate jawmovement
to damage the prey’s surface.

KEY WORDS: Viperidae, Elapidae, Colubridae, Kinematics,
Biomechanics, High-speed video analysis

INTRODUCTION
Few actions in nature inspire more fear and fascination than the
strike of a venomous snake. Within half a second, snakes can start
from a static ambush position, lunge at their prey, make contact and

return to a resting position (Janoo and Gasc, 1992); in that same
time, they must also erect their fangs, penetrate the prey and inject
a dose of venom (LaDuc, 2002; Kardong and Bels, 1998). The
high velocities and accelerations used during these behaviours
make it difficult to observe these movements with the naked eye.
Lack of high-speed imaging greatly limited the study and accurate
description of snake kinematics in the past (Van Riper, 1953; Lester,
1955). As technology has advanced, venomous snakes have become
the subject of many biomechanical studies, capturing their very fast
strikes that appeared to happen within the blink of an eye. Therewas,
however, a bias in the species studied, often being oriented towards
the most feared viperid genera such as Crotalus, Agkistrodon,
Vipera, Bitis and Bothrops (Janoo and Gasc, 1992; LaDuc, 2002;
Kardong and Bels, 1998; Araújo and Martins, 2007; Higham et al.,
2017). This research led to the conclusion that viperid snake strikes
are much faster than those of any other snake (Vincent et al., 2005;
Young, 2010). In more recent years, researchers have contradicted
this conclusion by capturing strikes of colubrids, cobras and
pythons (Nasoori et al., 2016; Penning et al., 2016; Kardong, 1986).

The urge to capture snake strikes started in the early 1950s with
the development of high-speed photography by means of the
electronic flash. The goal was to capture the snake at the moment it
hits the prey in order to investigatewhether they only stab their fangs
into a prey or truly bite using their jaws (Van Riper, 1953). Using
this method, only one picture per strike was captured. The authors
were also handicapped because human reflexes are too slow to
reliably set off the flash at the right moment. Fortunately, in the mid
1950s, high-speed motion pictures became available and were used
to capture the first snake strike on film (Lester, 1955). Since that
time, high-speed videography has improved dramatically. However,
in most of the recent studies, this rapid motion has only been
recorded using one camera, and often using relatively low resolution
(Araújo and Martins, 2007; Kardong, 1986; Webb and Shine, 1998;
Alfaro, 2002; Clark, 2006; Glaudas and Winne, 2007; Clark et al.,
2012). These low resolution recordings are often seen in field
studies where camera equipment and low lighting conditions limit
the ability to reach higher frames per second.

Another common theme in studies on snake strike kinematics is
that they often focus on a single snake species (Janoo andGasc, 1992;
LaDuc, 2002; Kardong and Bels, 1998; Young, 2010; Ryerson and
Tan, 2017; Webb and Shine, 1998; Clark, 2006; Glaudas andWinne,
2007; Herrel et al., 2011; Penning et al., 2020) or a limited number of
species belonging to a single genus (Araújo and Martins, 2007;
Alfaro, 2002; Clark et al., 2012; Young et al., 2001; Alfaro, 2003;
Whitford et al., 2020). One exception to this pattern, however, is a
study by Cundall (2009) which examined 86 viperid species across
31 genera, investigating the occurrence of fang repositioning after
prey contact at either 60 or 250 frames s−1. Comparative behavioural
studies of feeding strikes across venomous snake families are also still
rare, with the exception of a study comparing strike performance
between the Texas ratsnake (colubrid) and two viperid species
(Penning et al., 2016).Received 21 February 2025; Accepted 18 August 2025
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Previous studies have divided the strike into four distinct
stages. (1) The extension stage is where the anterior one-third of
the snake’s body straightens from a curled position. (2) In the
contact stage, the jaws hit the prey. The mouth is then closed and the
neck is arched forward (around 80 ms in rattlesnake). (3) During the
release stage, the jaws open and the fangs are extracted (around
120 ms in rattlesnakes). (4) The snake returns to a normal curled
resting position during the retraction stage (between 130 and 160 ms
in rattlesnakes).
Within venomous snakes there also are clear kinematic differences

between defensive and predatory strikes. The attack strategy thus
varies depending on whether they are lunging at their prey or at a
potential threat. In predatory bites, the jaws open less wide and the
mandible often makes first contact, followed by penetration of the
fangs and venom injection (Hayes et al., 2002; Moon et al., 2019).
When scaring off potential aggressors, snakes open their mouths very
wide while lunging towards the aggressor, which is not always
followed by a bite (Moon et al., 2019). When a bite occurs, it is most
often without venom injection and is referred to as a dry bite (Cundall
and Greene, 2000). Apart from the difference in gape, defensive
strikes have been found to reach higher velocities (LaDuc, 2002).
However, this may be a consequence of snakes striking at aggressors
from further away, resulting in higher velocities when striking with a
constant acceleration (LaDuc, 2002). Other studies have focused on
the effect of the surroundings and body temperature on strike
kinematics. Increased temperature was found to positively affect
strike performance in rattlesnakes, with higher strike probability,
velocity and angular gape velocity (Whitford et al., 2020). Recent
studies have investigated the role of ontogeny on strike performance,
where findings suggest juveniles can reach comparable velocities,
although they strike over shorter distances (Ryerson and Tan, 2017).
The latest findings on juvenile performance even suggest they
are faster than their older conspecifics; the reason for a decline in
performance with age remains unclear (Ryerson, 2020).
The drastic improvement in high-speed video cameras

(1000 frames s−1 or higher) and the improvement of computer
software that can combine 2D coordinates from different cameras
into a 3D trajectory (Higham et al., 2017) makes this the ideal time
to compare strike performance across a large number of venomous
snake species and families. The use of 3D tracking reduces the error
in interpreting movement from a single view, and enables more
accurate reconstruction of 3D kinematics.
In this study, we examined the largest number of venomous snake

species so far within a common-garden experimental set-up.
This allowed us to perform a comparative analysis of 3D strike
performance across 36 venomous snake species that span 23 genera
and three families (Viperidae, Elapidae, Colubridae; Table 1). We
investigated the variation in strike kinematics in these three families,
including head movement, jaw opening and fang erection. We
determined how Viperidae differ in their peak velocity and whether
any of the Elapidae tested can reach comparable velocities and
accelerations.
We tested whether ecological factors affect the kinematical

performance in Viperidae, including predation strategy, diet,
habitat, habitat temperature and biorhythm; additionally, the effect
of distance to prey, snake head size and the part of the jaw that
makes first contact with prey were investigated. We hypothesised
that larger snakes reach higher velocities (DeVries et al., 2012) and
accelerations, that the distance to the prey at the start of a strike is
correlated with higher velocities (Vincent et al., 2005), that snakes
closer to prey will open their jaws faster, and that strike kinematics
will affect which part of the jaw first contacts prey.

MATERIALS AND METHODS
Animals and husbandry
Strikes were recorded for 36 species of venomous snakes (31
Viperidae, 4 Elapidae and 1 Colubridae) across 23 genera (18
Viperidae, 4 Elapidae and 1 Colubridae) (Fig. 1; Table S1). For each
species, one individual was included in this study. One additional
colubrid species, Toxicodryas pulverulenta, was included in the
behavioural analyses only as we were unable to gather enough
kinematic data for it. All snakes were housed at Venomworld, a
venomproduction institution in Paris, France. Snakeswere habituated
to regular handling, but did not show any signs of tameness due to
captivity. They were housed separately in clear containers in
specialised reptile shelving units in a room that has skylights to
provide a natural day/night cycle for the snakes. The mean room
temperature varies from 18°C to 28°C from summer to winter to
allow brumation. Access to the room was limited to the two snake
handlers that own the company and authorised personnel familiar
with the experimental and safety procedures. Institutional and
national guidelines for the care and use of animals were followed
and all experimental procedures involving animals were approved by
the Biological Sciences Animal Ethics Committee (BSCI AEC),
Monash University, VIC, Australia (project number 18428). The
diet, habitat, mean habitat temperature, predation strategy and
biorhythm for each species were collated from the literature (Fig. 1;
Table S1) (Higham et al., 2017; Herrel et al., 2011; Shine, 1991;
Shine et al., 2014; Wickum et al., 2007; Luiselli and Angelici, 2000;
Calvete et al., 2021; Sutton et al., 2017; Porras et al., 2013; Hampton,
2011; Luiselli, 2006; Lomonte et al., 2008; Wasko and Sasa, 2009;
Martins et al., 2001; Al-Sadoon, 1991; Beaupre, 1996; Putman and
Clark, 2017; Martínez-Freiría et al., 2017; Lee, 2005; Richards et al.,
2012; Emmanuel, 2005; Sawant et al., 2010; Jestrzemski and
Kuzyakova, 2019; Leenders, 2019; Youngman et al., 2021; Luu
et al., 2015; Guo and Zhao, 2006;Muntean et al., 2009; Naulleau and
Bonnet, 1995; Santos et al., 2007; Oliveira and Martins, 2001).

Strike target
The object used in our experiments was made of ballistic/medical
gel which resembles the structure of skin and muscle (Gelatine #2,
Humimic Medical). The ballistic gel was cut in small pieces, melted
at 120°C for 30 min and cast, resulting in cylinders with a length of
9.5 cm and a diameter of 3.7 cm. This cylinder was warmed to 35–
37°C to mimic body temperature, two dots were added to resemble
eyes and it was mounted on a snake handling hook in order to
introduce it into the recording arena. The gels were removed and
replaced after each successful strike. The used gels were re-melted
and re-cast at the end of each filming day.

Experimental set-up
For each snake, between three and eight strikes were recorded in
lateral view (90 deg) and slightly angled view (60 deg) using two
Phantom Miro M110 cameras (Vision Research, Wayne, NJ, USA)
with Nikon Nikkor AF 50 mm lenses. Strikes were recorded at
1000 frames s−1 with a throughput of 1.6 Gpx s−1 (Fig. 2). A total of
108 successful strike videos were recorded during May 2019. This
resulted in three successful strike videos for each of the 36 species
included (Table S2). At the start of each filming day and every time
the cameras were moved, the ProAnalyst® 6 inch calibration grid was
recorded. Lighting was placed parallel to the 90 deg camera and
angled down at 45 deg, and an additional LED spotlight was placed
on top of the arena. A snake was transferred by snake hook to the
140×70×70 cm recording arena (length×width×height) lined with a
fresh cardboard flooring. The prey object was introduced when the

2

RESEARCH ARTICLE Journal of Experimental Biology (2025) 228, jeb250347. doi:10.1242/jeb.250347

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

https://journals.biologists.com/jeb/article-lookup/DOI/10.1242/jeb.250347
https://journals.biologists.com/jeb/article-lookup/DOI/10.1242/jeb.250347
https://journals.biologists.com/jeb/article-lookup/DOI/10.1242/jeb.250347


snake stopped investigating and settled down into a curled resting
position (Fig. 2). When necessary, a snake hook was used to
reposition the snake to the back of the recording arena before prey
introduction. The ballistic gel was brought in front of the snake and
was repeatedly pulled back quickly and brought closer again until a
bite occurred or until 10 min elapsed. One of the experimenters was
holding the hook with the ballistic gel attached when the snake bit the
gel. This technique proved successful in most snakes; for some snake
species, it was necessary to tap their tail to initiate a strike. This was
repeated until three successful strikes were recorded of the same
individual or until the snake stopped showing interest in the gel and/or
tried to hide. When this occurred, the individual was returned to its
enclosure, and reintroduced into the arena the next filming day.When
the snake also did not show any interest in interacting with the prey
object the following day, another individual from that species was
used. Every time this occurred, we were able to get three successful
strikes from the second individual. Where more than three videos
were recorded for an individual, we selected the three trials with the
best visibility of the morphological landmarks. A list of the three
videos that were included for the kinematical analysis of each
individual is given in Table S1. The Phantom Miro M110 cameras
were triggered at the end of each strike and the last 4000 frames were
saved from the internal flash memory.

Video analyses
Tracking video data
The recorded videos were processed using ProAnalyst® 3D software
(Xcitex Inc., Cambridge, MA, USA) resulting in 3D coordinates of
the snake’s strike trajectory. Using the calibration grid and file
(6 inch calibration cube with a grid of landmarks positioned 15 mm
apart, 3DP-20170912-6.fixt) the ProAnalyst software calibrated the
distance and stitched the landmarks of the two camera views
together to create three-dimensional coordinates of the strike path,
where position could be determined to the nearest 0.25 mm. Six
landmarks were traced on both camera views at each time point
(1000 frames s−1): (1) centre of the eye; (2) tip of the lower jaw;
(3) tip of the upper jaw; (4) mouth corner; (5) tip of the fang;
(6) centre of the prey object (Fig. 3). Both the 2D and 3D
coordinates were exported to Microsoft Excel. Movie 1 shows the
procedure for combining two views into 3D tracking of landmarks.

Kinematic analysis
The 3D coordinates were used to extract: (1) duration of strike (from
first head movement to prey collision); (2) distance to prey (distance
from the upper jaw to the prey at the start of the strike); (3) velocity of
strike; (4) acceleration of strike; (5) maximum gape angle; (6) gape
distance; (7) angular velocity and (8) acceleration of jaw opening;

Table 1. Mean (±s.e.m.) kinematic values for three strikes for each individual snake across three families: Viperidae, Elapidae and Colubridae

Species Peak V (m s−1) Time to max. V (ms) Peak A (m s−2) GA (deg) GV (deg s−1) Distance (mm)

Colubridae
Boiga dendrophila 1.82±0.69 68.67±24.66 269.67±86.52 23.91±10.70 1.32±0.54 80.08±18.57

Elapidae
Acanthophis rugosus 2.21±0.21 30.00±11.79 80.67±18.98 98.88±50.52 11.19±7.23 95.97±10.18
Aspidelaps lubricus 0.32±0.05 142.67±58.62 18.67±3.53 13.96±2.40 1.16±0.50 58.25±5.53
Naja melanoleuca 1.00±0.21 73.33±8.29 58.33±6.17 72.68±21.01 4.22±1.53 57.90±5.11
Walterinnesia aegyptia 0.98±0.10 342.33±202.38 48.03±15.45 102.41±34.30 15.83±12.72 59.95±14.63

Viperidae
Agkistrodon contortrix 2.84±0.08 47.33±6.64 331.67±113.39 38.88±16.18 2.99±0.73 101.85±7.44
Agkistrodon taylori 2.69±0.31 52.33±7.45 135.67±25.67 71.25±7.05 4.24±1.05 95.35±21.94
Atropoides mexicanus 2.08±0.23 78.00±10.69 167.33±22.78 90.08±24.35 4.42±1.01 101.88±16.38
Bitis nasicornis 3.21±0.49 42.67±5.61 247.33±72.63 95.67±29.03 14.52±3.09 61.16±5.12
Bothriechis schlegelii 1.56±0.06 64.00±19.61 84.00±12.01 96.32±28.43 6.51±2.81 71.26±8.83
Bothrops asper 3.53±0.98 117.33±30.07 276.33±78.89 152.73±26.62 8.37±2.86 157.09±69.54
Bothrops atrox 3.14±0.10 57.67±23.07 130.67±21.23 67.28±24.26 11.04±2.21 73.75±5.41
Bothrops taeniatus 2.42±0.07 58.50±41.50 296.00±41.68 90.37±34.76 15.33±6.39 92.89±9.81
Cerastes cerastes 2.58±0.30 36.33±5.24 76.33±11.55 78.81±18.15 9.43±4.16 86.62±7.10
Crotalus atrox 2.81±0.48 75.67±19.65 142.67±26.61 144.41±24.92 16.06±9.68 69.62±5.42
Crotalus lepidus 2.47±0.19 43.33±4.91 115.67±8.95 96.13±35.15 7.41±3.38 71.03±1.02
Crotalus oreganus 2.56±0.17 34.67±8.57 222.00±116.12 92.61±25.43 9.73±6.42 80.16±9.00
Crotalus scutulatus 2.45±0.39 208.33±80.11 120.00±48.17 113.74±22.76 9.41±2.99 63.31±9.57
Daboia palaestinae 1.81±0.15 35.00±7.51 75.33±14.25 49.12±36.10 4.22±2.90 72.98±13.42
Deinagkistrodon acutus 2.62±0.16 68.33±20.54 189.00±24.01 104.77±32.07 7.92±0.99 87.34±9.52
Echis carinatus 2.06±0.22 42.33±5.21 104.67±13.35 109.01±44.89 18.03±8.49 114.92±18.20
Echis leucogaster 1.56±0.51 66.00±13.43 141.67±44.85 143.11±4.25 8.71±1.12 99.44±22.18
Echis ocellatus 0.93±0.20 64.33±13.04 65.33±11.26 27.73±13.69 2.79±1.86 60.79±7.71
Eristicophis macmahoni 2.46±0.19 38.33±11.10 111.67±25.30 101.62±38.45 15.09±6.18 73.37±9.63
Hypnale hypnale 1.37±0.07 31.33±5.24 73.33±8.88 34.28±16.68 1.52±0.33 64.43±7.14
Macrovipera lebetina 3.37±0.09 21.67±2.91 298.33±205.89 100.11±26.32 25.31±19.63 105.54±1.34
Porthidium ophryomegas 1.66±0.38 68.67±5.36 113.00±12.50 89.33±40.03 15.16±8.68 71.30±8.33
Proatheris superciliaris 1.17±0.23 90.67±4.91 69.00±7.09 119.19±25.62 4.02±1.20 105.46±18.35
Protobothrops cornutus 3.50±0 45.67±0.88 180.33±40.76 119.34±32.53 19.60±10.44 108.78±12.63
Protobothrops jerdonii 2.30±0.30 70.00±5.51 119.00±9.24 153.57±21.98 11.15±4.30 86.63±5.25
Protobothrops mucrosquamatus 1.99±0.35 120.33±26.03 116.33±25.96 150.36±18.72 22.63±18.20 125.56±23.69
Trimeresurus albolabris 1.87±0.26 99.67±22.04 82.00±9.54 87.70±14.48 4.91±1.11 82.72±15.19
Trimeresurus trigonocephalus 1.85±0.20 71.67±11.84 140.00±4.16 94.11±27.47 8.72±3.55 106.33±17.30
Vipera ammodytes 2.01±0.38 49.67±5.21 129.67±19.81 95.53±6.59 10.60±3.35 73.88±13.93
Vipera aspis 2.29±0.49 35.67±13.17 181.33±34.35 113.89±32.61 4.46±2.06 100.26±3.72
Vipera latastei 2.59±0.18 39.33±6.89 133.33±15.50 115.33±10.52 14.35±8.26 76.02±6.70

V, velocity; A, acceleration; GA, gape angle; GV, gape velocity.
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(9) fang angle (only in Viperidae); and (10) angular velocity
and acceleration of fang (only for Viperidae), using R Statistical
Environment v4.4.2 (http://www.R-project.org/) and RStudio
(v2024.09.1; https://posit.co/download/rstudio-desktop/).

On-screen measurements
Video frames were imported into ImageJ to measure the total head
length of each individual. For the Viperidae, the angle of first fang
prey contact was also measured.

Behavioural notes
For each video, the type of bite was placed into 6 categories (Fig. 4)
according to which part of the snake touched the prey item
first: lower jaw first (‘MAN’ strike; Cundall and Greene, 2000;
categorised as L); upper jaw first (‘PMX’ strike, U); corner of mouth
first after which the jaws make contact as a result of mouth closing

(M); entire mouth surface (F); both jaw tips at the same time (J); or it
varied across the three strikes recorded (V).

Kinematic and statistical analyses
The 3D coordinates of the strike path for each landmark were
analysed in R (v3.4.3) and RStudio (v1.70). All coordinates were
smoothed using a cubic spline (smooth.spline from the stats package
in R) with smoothing parameter 0.5 for x and z coordinates and 0.75
for y coordinates [as accuracy in positioning in the y axis (the most
parallel to the camera views) was lower, resulting in higher noise].
From the smoothed coordinates, the following parameters were
calculated: peak velocity and acceleration (eye path); distance to
prey (Fig. 3, DtP); gape distance (Fig. 3, GD); gape angle (Fig. 3, α);
and angular velocity and acceleration of mouth opening. For
Viperidae only, two additional parameters were included: angle
at full fang erection (Fig. 3, β) and the angular velocity and
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Fig. 1. Snake species included in this study and the distribution of their ecological factors. Time-scaled phylogeny from Title et al. (2024).
Assignments for diet, habitat, predation style and biorhythm were sourced from the literature (see Materials and Methods and Table S1).
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acceleration with which the fang erects. The angle of fang erection
was calculated by subtracting the minimum angle (γ) from the
maximum angle (δ) between fang tip, upper jaw and eye (Fig. 3).
Velocities were calculated as the first-order derivative of
displacement (Eqn 1) and accelerations as the second-order
derivative of displacement (Eqn 2) (Higham et al., 2017; Penning
et al., 2016, 2020; Anderson et al., 2016; Herrel et al., 2011):

V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi � xiþ1Þ2 þ ðyi � yiþ1Þ2 þ ðzi � ziþ1Þ2

q
; ð1Þ

A ¼ Viþ1 � Vi: ð2Þ
An example of smoothed displacement, velocity and acceleration
is shown in Fig. S1. Differences in kinematical values against
ecological factors (diet, predation style, biorhythm, habitat type
and habitat temperature) were tested using the R package phylolm

(Ho and Ane, 2014). The diet categories we assigned were arthropod,
scaly (vertebrate prey), soft (vertebrate prey), generalist (no dietary
pattern) and ontogenetic (diet varies with life stage). For habitat,
the categories were semi-aquatic, sand-dwelling, arboreal (spending
substantial time in trees), semi-arboreal and terrestrial (spending
majority of time at ground level). Biorhythm was determined by
activity patterns, assigned to nocturnal (active at night), diurnal
(active during the day) and seasonal (variable activity pattern
throughout the year). Predation category was assigned as ambush
(lie-and-wait ambush strategy), ambush–lure (ambush strategy using
a tail lure), active (pursuit) or both (variety of predation strategies).

For each test, a species mean of one kinematic variable was tested
against one predictor at a time (diet, habitat, habitat temperature, day
activity, predation, head size or jaw hitting). We also tested head
size against the other predictor variables, and start distance against
the other kinematic variables. Each phylolm test included a

Phantom 
software

Experimental 
arena

Camera  

60 deg

Trigger
Camera 
90 deg

Prey o
bject

Grid z

y
x

Fig. 2. Common garden equipment setup for snake strikes. The experimental arena (140×70×70 cm) contained fresh cardboard flooring and was blinded
on the back and right-side panel to minimise outside distractions. Two high-speed Phantom Miro M110 cameras were placed at 90 and 60 deg angles to the
direction of the snake strike. The cameras continually recorded and temporarily stored the video footage on a flash drive; after the snake finished its strike,
the cameras were triggered (orange cable) and the previous 4000 frames were stored from the flash drive to the computer (pink cable). Workflow of
experiments: (1) snake transferred from regular housing to experimental arena; (2) 5 min acclimation; (3) introduction of prey object mounted on snake
handling hook; (4) snake strikes; (5) trigger pushed; (6) recording checked on computer; (7) previous steps repeated until three successful strikes are
recorded or the snake shows no interest in the prey item.
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phylogenetic signal test measuring lambda. We used the ultrametric
constrained tree (Title et al., 2024) for all tests. When important
differences were found, they were visualised in scatterplots and
violin plots using ggplot2 (Wickham, 2016). To investigate the
relationship between certain parameters, least squares regressions of
log-transformed parameters were plotted using ggplot2.
Strike velocities across the different trials within individuals were

compared in order to check whether these varied, particularly to see
whether snakes tired out and performed less well in their second and
third strike. The difference in peak velocity for strike A, B and Cwas
calculated for each individual (A–B, A–C and B–C), and used to
obtain the percentage of positive and negative changes in velocity

and to calculate the mean difference in velocity for consecutive
strikes. To visualise the difference in strike velocity across the three
strikes, A was subtracted from all values so that A=0, B−A and
C−A, which were then plotted using ggplot2 (Wickham, 2016).

RESULTS
Strike kinematics for all 36 species included rapid acceleration of
the anterior portion of the body with almost simultaneous mouth
opening.

Overall, we found viperids to have rapid strikes with a smooth
penetration of the fangs into the gel. In 50% of the viperid species,
one or both of the fangs were removed from the gel and repenetrated

α

DtP

GD

Upper jaw tip

Fang tip

Lower jaw tip

Prey CoM

Upper jaw tip

Fang tip

Eye

Upper jaw tip

Fang tip

Eye
δγ

δ–γ=β

Distance and angle calculations

Fang angle calculation in Viperidae

β

Jaw joint

Eye

Fig. 3. Calculation of kinematic angles for head and fang. Six landmarks were placed on every frame. Landmarks are shown as red dots: eye, upper jaw
tip, jaw joint, lower jaw tip, fang tip and prey centre of mass (CoM). The distance between the upper jaw tip and lower jaw tip is the gape distance (GD), while
the angle between the upper jaw tip, jaw point and lower jaw tip is the gape angle (α). The distance to prey (DtP) is calculated using the upper jaw tip and
prey CoM. In viperid species, the fang angle is also calculated. The difference in angle between the eye, upper jaw tip and fang tip is used to calculate the
angular velocity of fang erection. To get an estimation of the maximum angle of fang extension (β), the minimum angle (γ) between the eye, upper jaw tip and
fang tip is subtracted from the maximum angle (δ).

Crotalus scutellatus
Protobothrops 
mucrosquamatus Porthidium ophryomegas Bothrops taeniatus Hypnale hypnale

Lower jaw Upper jaw Both jaw tips Mouth corner Entire mouth surface

Fig. 4. The part of the jaw that makes first contact with the prey varies. Images of snakes at the moment of first prey contact. Examples for each contact
mode are given: lower jaw, upper jaw, both jaw tips, mouth corner and entire surface of the mouth. Some snakes did not consistently show the same prey
contact and were categorised as ‘varied’ (V).
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at amore favourable angle. This only appeared to occur when the initial
penetration was not favourable. When the bite location was acceptable
but the fang was only slightly misplaced, the fang was repositioned
very close to the original penetration site. When the snake only just
reached its prey and needed a better grip, the fangwas removed and that
side of the jaw was moved forward, ‘walking’ the fang further onto the
prey so that it could be repenetrated in a better position. In this situation,
fangwalking was often followed by the repositioning of the other fang.
When the preywas released, the fangswere often observed to fold back
one at a time rather than simultaneously.
A typical viperid strike cycle is represented by outline drawings

based on video frames of Vipera ammodytes (Fig. 5; Movie 2). This
shows the lunge (Fig. 5A) as well as fang repositioning in viperid
species (Fig. 5B). The corresponding video frames are shown with
the time in milliseconds (Fig. 5C). In Viperidae, as soon as the snake
starts its explosive lunge by the extension of its curved neck and
trunk, the jaw starts to open, reaching the largest gape very shortly
before the prey is reached. Only after first prey contact is made do
the jaws close around the prey. Venom was usually injected when
the fang was fully embedded in the prey. In the videos, the injection
of venom can be verified by venom shooting or gushing out of the
gel during injection or at prey release. In a very few cases, the fang
started leaking venom before penetration (Bitis nasicornis,
Movie 3). This, however, could be the result of over-productive
venom glands due to the frequent milking of the individuals used in
this study. Venom injection could also be identified visually by a
cloud that appears in the gel, but was not always noticeable in the
videos. Finally, venom injection could be confirmed when droplets
of venom were present on the gel when it was removed from the
experimental arena (Fig. S2A).
The Elapidae showed a different strike pattern. The snakes often

crept closer to the prey first, and when they were close enough, they
lunged and opened their mouth. However, this lunge was less
explosive than that of viperids, and they did not start from a
completely curled position. After the first bite, they slightly released
and bit again a few times. This repeated biting action is likely a result
of the muscles tensing repeatedly to squeeze the venom gland and
inject more venom (see Aspidelaps lubricus, Movie 4).
The Colubridae included in this study are rear-fanged and were

found to have a very different strike. They reached maximum gape
sooner and often lunged across greater distances at this maximum
gape. After prey contact, they closed their mouths and started to
alternatingly drag their maxilla across the prey surface, resulting in
two crescent-shaped cuts (Fig. S2B). This large wound likely
ensures good venom transfer into the prey. This was best observed in
video 2A of Toxicodryas pulverulenta (Movie 5; this individual was
not included in the kinematical analysis).
We observed some strikes where the snakes seemed unable to

predict the distance of the prey item, resulting in them barely reaching
their prey, after which vipers repositioned their fangs one or more
times to achieve a better grip. At other times, the snake reached the
prey sooner than expected. For example,Macrovipera lebetina hit its
right fang and broke it off (Macrovipera lebetina, Movie 6). This is
likely how fang loss during feeding most often occurs, but this is the
first time it has been caught on camera. Fangs have previously been
found in snake scats, which means fangs often break off during prey
penetration, remain stuck in the prey and are swallowed by the snake;
during our experiments, no fangs were left behind in the gel.
The biggest variable in the strike pattern across all snakes was

which part of the jaw made first contact with the prey. No clear
pattern was observed within individuals, as the point that makes first
contact varied across strikes (Table S3). For phylolm analyses of

vipers, we did find, however, that the part of the jaw that first makes
contact with prey differed significantly with maximum gape angle
(lambda=0, adjusted R2=0.17) as large gapes result in either the
mouth corner making first contact (slope=70.0, s.e.=27.2, t=2.6,
P=0.02) or the lower jaw (slope=56.7, s.e.=20.1, t=2.8, P=0.01),
while smaller gapes most often result in the entire surface of the
mouth making first contact (slope=51.5, s.e.=17.2, t=3, P=0.01)
(Fig. 6A; Table S3). Having said this, it is important to note that
mouth corner contact is also correlated with large head size in vipers
(lambda=0, adjusted R2=0.31, slope=23.8, s.e.=7.0, t=3.4, P<0.01)
(Fig. 6B; Table S4).

Kinematic analysis
All kinematic values for each of the 36 species are shown in Table 1.
In most Viperidae, the prey was reached within the first 100 ms, with
a maximum of 208.3±80.1 ms (mean±s.e.m.; Crotalus scutulatus)
and a minimum of 21.7±2.9 ms (Macrovipera lebetina) (Table 1).
Elapidae showed a wider span, with Acantophis rugosus and
Naja melanoleuca reaching their prey equally fast as most viperids
(30.0±11.8 and 73.3±8.3 ms, respectively), while Walterinnesia
aegyptia took much longer (342.3±202.4 ms).

The peak velocity of many viperid species was higher than those
observed in the elapid and colubrid species included in this study
(Fig. 7A). Bothrops asper reached the highest peak velocity in
viperids (3.53±0.98 m s−1) and Acanthophis rugosus in elapids
(2.21±0.21 m s−1), while the slowest members of each family
were Echis ocellatus and Aspidelaps lubricus (0.93±0.20 m s−1 and
0.32±0.05 m s−1, respectively).

Only vipers had an adequate sample for the phylolm statistical
tests presented below. A positive correlation between head size was
found with both peak velocity (slope=0.03, s.e.=0.01, t=2.5,
P=0.02) and acceleration (slope=3.6, s.e.=1.3, t=2.7, P=0.01)
(Fig. 7B; Table S3), so the larger the snake, the higher the
acceleration and the higher the velocity reached. Distance at the start
of the strike also had a significant correlation with peak acceleration
(slope=1.3, s.e.=0.6, t=2.3, P=0.03), gape angle (slope=0.7,
s.e.=0.3, t=2.8, P=0.01) and contact angle (slope=0.6, s.e.=0.04,
t=15.6, P<0.01) (Table S5). Several kinematic variables (peak
velocity, peak acceleration, gape angle, start distance, contact angle)
had significant differences depending on the part of the jaw that first
made contact with the prey (see Table S3).

Across the ecological factors (diet, predation style, biorhythm,
habitat and environmental temperature), few significant differences
were found. Semi-aquatic snakes appear to have the lowest peak
velocities compared with semi-arboreal and terrestrial ones (Fig. 8).
No difference in velocity was found across snakes that differed in
biorhythm. For vipers, there was no significant relationship between
peak velocity and diet or acceleration and diet (Table S3). There was
a significant association between contact angle and diet (Table S3).

We also observed no clear signs of fatigue in the strike velocity
in consecutive strikes: the first recorded velocity of a particular
individual was not always faster or slower than that in subsequent
trials. In 47.22% of cases, the first recorded velocity was highest. The
average difference between two consecutive strikes was 0.58 m s−1,
which can be both slower or faster (with positive variation between
0.01 and 1.38 m s−1 and negative variation between 0.08 and
1.62 m s−1). Only one individual had a drastic decrease in velocity,
Bothrops asper: its first strike had a peak velocity of 4.91 m s−1,
second 4.05 m s−1 and third 1.63 m s−1. Similarly, only one
individual had a drastic increase, Boiga dendrophila, with
1.00 m s−1 initially, followed by 1.25 m s−1 and a final velocity of
3.20 m s−1.
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There was a wide variation in maximum gape angle, where on
average the angle was around 93 deg. Not only did it vary greatly
across species but also it varied within an individual. Large gapes

were observed mostly in viperid genera such as Vipera,
Protobothrops, Echis and some members from the genera
Bothrops and Crotalus. The biggest viperid snake, Atropoides

0 ms 19 ms

Vipera ammodytes

45 ms

251 ms224 ms85 ms

and/or

Full penetration of both fangsInitial penetration

Left fang repositioning

Right fang repositioning

A

B

C

Fig. 5. Outline drawings and frames of the strike of Vipera ammodytes show a typical strike sequence for vipers. (A) Strike – head movement and
gape expansion. The initial lunge made at the prey is followed by fang penetration. (B) Prey manipulation – fang repositioning. When the initial penetration
does not allow good venom injection, one or both of the fangs are repositioned. (C) Corresponding video frames showing the timing of the strike sequence
(Movie 2).
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mexicanus, did not seem to reach its maximum gape; however, this
could be due to the relatively small target size compared with its
head size. Maximum gape was not affected by predation style
(Table S3, Fig. S3B). For the distance to prey, there was a slight
positive slope with maximum gape angle and gape angular velocity
in viperids, so that viperids open their mouths wider when the prey
is further away; however, the fit was very low (R2=0.041 and 0.017,
respectively) (Fig. S3E,F). A slight negative slope was found in
elapids, so they open their mouths wider and faster when the prey is
closer (R2=0.02 and 0.021, respectively) (Fig. S3E,F).
In viperid species the fang erection was also tracked. Here, it

was found that the fang was fully erected before the peak velocity
of the strike was reached. Across the species, the maximum fang
angle varied between 36 deg inMacrovipera lebetina and 162 deg
in Echis carinatus, with an average maximum angle of 98 deg. No
meaningful differences in fang angle or fang angle velocity were
observed (Table S6). The angle of contact between the fang and
the gel surface also varied greatly, with 58 deg in Atropoides
mexicanus and 133 deg in Echis carinatus, with an average
maximum angle of 99 deg. When regressed against head size, a
negative correlation was found (lambda=0, adjusted R2=0.2,
slope=−0.7, s.e.=0.3, t=−2.6, P<0.05), with large snakes having a
smaller contact angle.

DISCUSSION
Venomous snakes evolved quick strikes in order to capture their
preferred prey. In mammals, the startle response can activate
muscles in 14–151 ms, which results in actual movement within
60–395 ms (Davis, 1984; Yilmaz and Meister, 2013). Whether
snakes can stay within the low end of this time was previously
confirmed for three species, Pantherophis obsoletus, Agkistrodon
piscivorus and Crotalus atrox (Penning et al., 2016). Our results
further confirm this as 84% of the viperids included in this study
reached their prey in under 90 ms and 55% within the first 60 ms,
making them faster than the average mammalian response. When
prey, however, are able to escape in time, snakes can still catch up as
long as their acceleration is higher than the prey’s flight acceleration.
Jackrabbits (Carrier, 1995), for example, were found to have a
jumping acceleration of 40 m s−2, which is lower than all the viperid
peak accelerations recorded here, which range between 65 and

330 m s−2 (Table 1). Some prey, such as kangaroo rat, have flight
accelerations of 950 m s−2 and thus far exceed snakes’ abilities
(Higham et al., 2017).

When comparing velocity across families, viperids were found to
have higher velocities and accelerations on average, and
consequently reached their prey faster. This difference in velocity
could be partly explained by their preferred prey and predation
strategy. Viperid snakes very often target mammalian prey with
quick startle responses, using ambush hunting to do so. With this
predation style, snakes initiate their strike from a static position and
thus rely on their strike acceleration and accuracy to reach their prey
in time (Webb and Shine, 1998). It has also been hypothesised that
snakes that target smaller prey have higher acceleration because of
the faster startle response in small prey species (Penning et al.,
2016). We did not account for prey size, so further studies are
needed to confirm this.

Those elapid species that target reptiles and use active pursuit to
capture their prey took longer to reach their prey at lower peak
velocities, as expected. However, there are also elapid species that
specialise on mammalian prey and use ambush hunting. A good
example is the rough-scaled death adder (Acanthophis rugosus),
which resembles the viperid body shape with a more triangular head,
and stouter and shorter body, and uses caudal tail luring. This
resemblance to vipers is very striking and likely indicates potential
convergent evolution of morphology, attack strategy and strike
kinematics. When comparing the velocity and time until prey
contact with those of vipers with similar lifestyles, they perform
very similarly.

For colubrids, we were unfortunately only able to measure the
kinematic parameters of one species, Boiga dendrophila, which
reached a higher velocity than three out of the four elapids. In the
literature, colubrid strike velocities have often been reported to be
quite low (Greenwald, 1974; Alfaro, 2002; Bilcke et al., 2006);
however, Pantherophis obsoletus has also been found to have a high
strike velocity (Penning et al., 2016). Because of the inclusion of only
one species of Colubridae, care has to be taken in generalising these
results. Just as seen in viperids and elapids, colubrid species likely
vary substantially in strike velocity and further research is needed on
these rear-fanged snakes to gain a greater understanding of their
performance.
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Fig. 6. The area of the jaw that first contacts prey varies with gape angle and head size. Differences in the part of the mouth that makes first contact
across gape angle (A) and head size (B). Each dot on the plots represents an individual trial (three trials per individual).
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Apart from kinematic differences across the families, we also found
behavioural patterns. A typical viperid strike pattern is shown in Fig. 5,
where they lunge at their prey from a still position, penetrate their long
slender fangs at great velocity and have the ability to re-position them
so they are fully penetrated for venom injection. Many elapids will
stealthily creep forward to reduce the strike distance, after which they
do a short lunge and bite; as soon as they have a tight grip, they slightly
loosen their jaws and bite again repeatedly, likely to prolong the venom
flow into their prey. Some elapids, however, resemble the viperid strike
more, such as Acanthophis rugosus discussed above. Colubrids seem
to use their rear-positioned fangs to create large wounds by dragging
them across the prey’s integument one side at a time, here observed in
Toxicodryas pulverulenta. To our knowledge, this is the first time this
behaviour has been filmed, although big gaping wounds are known to
occur when prey are bitten by a colubrid snake.

When investigating the effect of head size as a proxy for snake
size, a positive correlation was found with peak velocity and peak
acceleration, with larger snakes having higher performance. A
previous study on Hoplocephalus bungaroides found no effect of
snout–vent length or mass on speed measures (Webb and Shine,
1998). That study investigated several individuals of one species,
indicating body size has little effect within this species. The results
presented here show for the first time that higher performance
is correlated with snake size across a large number of species.
Previously, this principle has been suggested when preliminary
high-speed analyses on the heavy-bodied Bitis arietans showed that
they are nearly twice as fast as previously recorded rattlesnakes
(Young, 2010).

Distance to prey at the start of the strike also showed a positive
correlation with peak velocity, such that the further away the prey is,
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the higher the velocity. This is the effect of the acceleration
remaining positive, so that the velocity will keep increasing until the
prey is reached or until the upper body is fully unfolded and the
snake decelerates.
Maximum gape angle varied greatly within individuals and

across species. Many snakes seem to be able to achieve very large
gapes (>100 deg), but can only do so when the prey is at the ideal
distance and when the approach towards the prey is optimal. If the
prey is too close, snakes are unable to open their mouths fast enough
and the maximum gape cannot be reached. When comparing
angular velocity across ecological factors, no significant difference
was found. To date, only one study has compared angular velocity
across two Crotalus species and the authors did not detect any
differences (Whitford et al., 2020). Larger snakes were found to
have slightly larger gapes and achieved them faster. However, when
looking at the largest snake species in this study, they had slightly
less wide gapes. It is possible that target size also plays a role, where
particularly large snakes will only open their mouths wide enough

to easily get around the diameter of their target. Additional
experiments varying the target size are needed.

A high variability in which part of the mouth contacts the prey first
was also found. No clear pattern was detected within individuals or
any of the ecological factors. However, it seems that maximum gape
angle and head size likely play a role in this. Large heads and large
gape angles result in snakes hitting their prey first with the mouth
corner, after which the mouth is closed, resulting in the fangs being
carefully embedded. Small gapes result in the entire mouth surface
making contact, and in this case the fangs immediately embedded
upon prey contact. The latter is often observed in snakes with small
heads, but they are also observed to make first contact with both jaw
tips or just the lower jaw. The size of the target likely plays an
important role as well. In this experiment, the target may have been
too big for the small snakes and possibly somewhat too small for the
very big snakes. Future experiments should adjust the target size to a
certain percentage of the snake head size or vary the target size to see
what effect it has on the snake’s bite pattern.
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Similarly, differences in the viperid fang contact angle were
observed where head size was negatively correlated with contact
angle. The fangs of large snakes are thus penetrated at a smaller
angle to the prey’s surface. This again seems to show an effect of the
constant target size used across our experiments (Fig. 9). No
differences were observed in fang angle or fang angular velocity
across the ecological factors. We did find that the fang was fully
erected before the prey was reached.
Kinematic values have previously been recorded for six species

included in this study. The strike velocity of Bitis nasicornis and
Vipera ammodytes were previously recorded by Janoo and Gasc
(1992). Their values are lower than the ones recorded here with
0.39 m s−1 for B. nasicornis compared with our 3.21 m s−1, and
1.32 m s−1 for V. ammodytes compared with our 2.01 m s−1. This
difference in velocity is likely due to the lower frame rate and likely
also lower resolution of the video footage. Initially, the velocity of
Crotalus atroxwas estimated to be 2.61–3.71 m s−1 (LaDuc, 2002),
and was narrowed down to 2.95 m s−1 (Penning et al., 2016), which
corresponds very well with our 2.81 m s−1 for this species.
Trimeresurus albolabris had a velocity between 1.45 and
1.6 m s−1 in an earlier study (Herrel et al., 2011); our calculation
is only slightly higher with 1.87 m s−1. Lastly Crotalus scutellatus
and Crotalus oreganus were included in a recent study looking at
the effect of temperature on strike velocity, where temperature
ranged from 15 to 35°C (Whitford et al., 2020). Their velocity
values varied between 2.8 and 4.05 m s−1 for C. scutellatus and
3.23 and 4.06 m s−1 for C. oreganus, with velocity increasing with
increasing temperature (Whitford et al., 2020). Our values are lower
at 2.45 and 2.56 m s−1, respectively, which is likely a consequence
of the lower ambient temperature of our experiments.
To our knowledge, the use of high-speed video analysis to study

strike kinematics for vertebrates biting is largely restricted to snakes.
Several studies have employed high-speed video analysis to study
feeding kinematics on lizards (So et al., 1992; Wainwright et al.,
1991; Herrel et al., 1996), frogs (Deban and Nishikawa, 1992),
tadpoles (Venesky et al., 2011), fishes (Konow and Sanford, 2008),
sharks (Ferry-Graham, 1998) and eels (Mehta and Wainwright,
2007). Of these, only the study on sharks specifically investigated
biting prey. Kinematic analysis of feeding in lizards has largely
focused on the high-speed prehensile tongues involved in prey
capture. Likewise, high-speed video analysis of feeding in fishes and
eels is largely concerned with suction feeding underwater. Therefore,
there is potential to expand kinematic video analysis to investigate
feeding in other tetrapods which otherwise would not have a high-
speed component to their feeding. This would be particularly relevant
to other tetrapods that employ ambush strategies when acquiring prey.

Conclusion
This study is the largest of its kind to date. Many differences in strike
performance were observed across the 36 species, with viperid

snakes on average being faster. For colubrids, strike kinematics
between the part of the jaw that first makes contact with the prey and
start distance was correlated with peak acceleration, jaw gape angle
and contact angle with prey. Additionally, clear behavioural
differences have now been caught on camera at high frame rates,
showing the fluent strikewith the possibility of fang repositioning in
viperids, the stealthy elapid strike with repetitive biting and the rear-
fang slicing of colubrid snakes.
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