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Asymmetric-bifurcation snapping,
all-or-none motion of Venus flytrap

Xiangli Zeng, Yingzhe Wang & Keisuke Morishima™*

The Venus flytrap is a carnivorous plant that catches insects by snapping rapidly and reopening slowly.
To understand the mechanism underlying this asymmetrically reversible motion, a three-dimensional
laser profiler was used to measure both static morphological information and dynamic movements
(500 frames per second) of the Venus flytrap, including its rapid closure and slow re-opening. The mean-
curvature differences between the open and closed lobes were recorded and used for morphology

and energy evaluations. The effects of geometric parameters such as the length, width, height,

and thickness of the lobes on the closing time were analyzed, and the all-or-none motion of the

Venus flytrap was examined. Moreover, a mathematical asymmetric-bifurcation buckling model was
developed. The Venus flytrap has asymmetric energy states for the closing and opening conditions;
therefore, storage of a larger amount of energy makes the re-opening motion slower. These pre-
programmed movements of plants can facilitate the development of more intelligent soft robots.

Animals and insects are preferred for biomimetic design because of their mobility; in contrast, plants are regarded
as static and passive in nature, as they grow slowly’. The tendril of a climbing plant is an example of a curling
structure®=, and the pinecone enlightens the actuator with an unperceivable motion®. There are two strategies
for accelerating plant motion: irreversible fracture (Impatiens glandulifera) and reversible mechanical instability
(Dionaea muscipula). The Venus flytrap belongs to a group of carnivorous plants that evolved to catch insects for
nutrition. The Venus flytrap is astonishing because of its rapid closure, which distinguishes it from other plants’.

Due to their rapid closing behavior, motion mechanisms of the Venus flytrap have been explored and applied
to design robots®®. Wang et al. proposed a soft microrobot that can curl slowly but with no snapping motion,
driven by temperature whose size is 17mm x 26mm x 6mm!°. Ma et al. presented a thermally response
fabricated by liquid metal, whose size is 40mm x 10mm x 1.5mmand response time is 15s'!. The soft bistable
structures'? designed by Dario et al. respond in 1 s, which is fabricated by hygroscopic electrospun nanofibers and
with the size of 17mm x 11mm X 0.06mm. The robot proposed by Zhang et al. could response within 120 s
and it is with a size of 16mm x 2.5mm x 1.8mm, which is composed of thermo-responsiveness hydrogels'.
A light-driven artificial flytrap fabricated by Wani et al. is 5mm x 1lmm x 0.02mmbig, uses liquid-crystal
elastomer and could finish grasping within 2.4s'%. Schmied et al. presented a Venus flytrap inspired architecture,
whose size is 150mm x 90mm x 0.25mmand could bend within 0.2s'>. Wang et al. presented a bionic Venus
flytrap which is powered by pressued gas and with size of 200mm x 85mm x 4mmand whose response time
is 25!, As we can see that even though the robots mentioned are all inspired by the Venus flytrap, the closing
time and size vary a lot. Some of the robots mimic the morphology of the plant and others are designed for
snapping motion. For an artificial Venus flytrap, if there is some rules researchers have to follow and what kind
of the geometric size design could help to control the closing time is necessary to discuss. Meanwhile, all these
differences are caused by that the Venus flytrap exploits snapping motion to achieve rapid closure, and the
underlying mechanism is not fully understood. To instruct the design of the robots, it is essential to uncover how
the geometric parameters of the plant would affect the closing time.

Researchers have attempted to explain the mechanism underlying this snapping ability!”-2!. Three groups have
published mathematical models since 2005'. First, Forterre et al. investigated the snapping motion of the Venus
flytrap by marking several fluorescent points on the surface of the plant and recording the closing process using
a high-speed camera!’. After observing the rapid curvature change, they developed a mathematical model that
considers the Venus flytrap as a doubly curved leaf, i.e., one that is curved in two orthogonal directions; bending
the leaf causes its midplane to be stretched. Even though in their kinetic model, a dimensionless geometric
parameter which quantifies the coupling between bending and stretching deformations in terms of the leaf
thickness, the leaf length, and the observed curvature of the open leaf might influence the snapping time, a more
comprehensive analysis of which parameters are essential for the closing time requires more direct evidence.
Second, to explain how this plant achieves snapping, Markin et al. reported that the Venus flytrap has two layers:
outer and inner hydraulic layers with different hydrostatic pressures. They mentioned that stimuli open the
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water channel, and water rushes from one layer to another. On the basis of this assumption, they established a
mathematical model and calculated the total energy of the process'®?2. According to their hydroelastic curvature
model, the elastic energy stored in the leaf which is related to the curvature would trigger the closing motion and
the deformation of the leaf would vary with time. Third, Sachse et al. used a computational model to reproduce
the snapping motion®""?. They modeled the Venus flytrap as a two-layer (upper epidermis and lower epidermis)
or three-layer (upper epidermis, mesophyll, and lower epidermis) structure. However, from biological anatomy,
if there are several layers of cells with different morphology is doubtful. Recently, they published another paper
in which they used a three-dimensional (3D) digital image correlation imaging system to analyze the strain
conditions during the re-opening of the plant and described the Venus flytrap as a single-degree-of-freedom
model?. Based on the kinetic model they used to explain the snapping, the structure’s slenderness which is
influenced by the leaf length and thickness should determine the closing motion. All three groups tried to find
the connection between the geometric parameters and the closing motion. How should separate parameters
such as the leaf thickness, the leaf length, and the curvature or the hybrid parameters such as the dimensionless
parameter proposed by Forterre and the slenderness affect the closing time? Then, more samples should be
tested for this purpose. Besides, it is worth noting that the Venus flytrap closes quickly (within 0.5 s) but opens
slowly (hours without insect hunting and days with hunting). Thus far, for the previous model, only the closing-
snapping process could be explained. It has been difficult to interpret both closing and re-opening processes
using mathematical models.

The mathematical model could benefit the robot design considering that it would simplify the biological
models and explore the key parameters of the model. The fracture of the Impatiens glanduliferais irreversible?*,
however, the snapping of the Venus flytrap is a buckling phenomenon?!. Buckling, which involves sudden changes
in deformation, is important in structural engineering?>2°. Although it is sometimes regarded as failure, because
large deformations are risky, this principle is applied in structural designs, e.g., for energy harvesters”’->°. Kurutz
presented a detailed equation for the equilibrium paths of buckling®!. They provided a specific description
of the bifurcation equilibrium path and its tangential stiffness under configuration-dependent loading. This
asymmetric buckling exhibited the same trend as that of the Venus flytrap.

Previous studies explored the structure of trigger hair by micro-CT?? and dynamic motion based on high-
speed cameras and a 3D digital image correlation imaging system. Micro-CT is feasible to obtain the cellular
structure, but the measured area is too small for the whole sample. X-ray CT is an option for the whole plant;
however, it is hard to determine cellular composition. Therefore, in this study, the invasive dissection method and
the noninvasive laser profiler were combined to understand both cellular and tissular structure. For the dynamic
closing and re-opening processes, high-speed cameras require several marking points to track the motion of
the leaf which is with lower resolution and efficiency. The 3D digital image correlation imaging system could
complete imaging and stress evaluation at the same time, but the time resolution is not enough for the precise
closing recording. In the present study, a 3D laser profiler (LJ-X8080, Keyence) was used to examine the 3D static
shape of the Venus flytrap in both its open and closed states, as shown in Fig. S1. The 3D laser profiler could
measure the 3D information noninvasively, without marks, and with high accuracy. Simultaneously, we recorded
the dynamic closing with 500 frames per second and re-opening processes. According to the morphological
data, we calculated the mean curvature change and determined the relationship between geometric parameters
and dynamic motion variables. The correlation coefficients between the geometric parameters and closing
time/closing speed were calculated to determine whether the absolute value of the mean curvature affected
the response time. Finally, an asymmetric-bifurcation model was employed to describe the motion of the
Venus flytrap, as shown in Fig. 1. The closed and open Venus flytraps had energy differences, and this energy
difference controlled the rapid closure and slow re-opening. When the plant was placed at room temperature for
dehydration, the energy decreased, and the plant eventually lost its snapping ability.

EnergyA

Hydrated

Dehydrated

>

State of the plant

Fig. 1. The energy-changing process of the Venus Flytrap: the open and closed positions had asymmetric
energy: there was a difference in elastic potential energy between the opening and closed states. Lower energy
benefited rapid closure and higher energy caused the slow re-open process. When the sample was cut from the
stem and put at room temperature, the open leaf would dehydrate to decrease energy and could not complete
snapping at last.
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Results

Morphology of Venus flytrap

The surface shapes of the plants were recorded using a 3D laser profiler. When the leaf was open, the upper
epidermis, lower epidermis, and lateral surface were scanned at 500 frames per second (fps) to obtain 3D
information. Then, the leaf was fixed at the stem, and the closing process (N = 67) was recorded at 500 fps by
stimulating the trigger hair twice using forceps. The closing process was continuously recorded, and the scan
area was in the middle of the lobe. Using this method, changes in the lateral curve were measured. After closure,
the lateral 3D shape was re-scanned. The original data from the Keyence software (LJ-X Observer) are presented
in Fig. 2(a). As shown in Fig. 2(b), the data were processed in MATLAB to mesh and contour the images. The
curve was plotted for different sections, and the mean curvature was calculated. Contour images can be used to
confirm the 3D shape and height information. After closure, the main change occurred in the middle part of the
lobes; the lower part near the midrib did not change significantly, similar to a cantilever beam. The x- and y-axis
coordinates in Fig. 2(b) are in pixels.

Regarding the data obtained from the 3D laser profiler, the curves parallel and vertical to the midrib were
scattered; the curves from these two orthogonal directions are shown in Fig. 3(a). Not like a sphere or a cylinder,
the curves in the two orthogonal directions changed continuously from the bottom near the petiole to the tip
and from the midrib to the end with teeth. The location and height were applied to fit a surface. And then, the
principle curvature, mean curvature, and gauss curvature of the surface were calculated, as shown in Fig. 3(b).
In Fig. 3(b), the lateral surface for the opening and closed states was fitted as a smooth surface, whose curvature
could be deduced in MATLAB. The fitting error could be found in Fig.S2. As shown by the meshing surface
of curvatures, the lobes of the plant went through an apparent gauss curvature change. However, in current
artificial Venus flytrap!!3334, this change was ignored.

To simplify the analysis, the sectional curve vertical to the midrib was examined to check the shape
transformation. Two datasets were used to calculate the mean curvature of the lateral surface of the plant. The
first was from the recorded dynamic closing process data. The other was the middle curve obtained from the
static 3D lateral scanning results. The mean lateral curvatures of the open and closed samples and the curvature
change were computed, as shown in Fig. 4(a). The absolute value of the open state was smaller than that of the
closed state for both the dynamic closing data and static lateral data.

Meanwhile, from the open samples’ upper epidermis and lower epidermis (Fig. S3 shows all the upper and
lower curves), the height and width of the intact leaves were calculated, and from the upper curve, the height
and width distributions were obtained as shown in Fig. 4(b). According to the model proposed by Forterre
et al,, the closing time is dominated by the thickness of the lobe. However, it is impossible to determine the
thickness directly using a 3D laser profiler. Therefore, some of the samples were dissected using a vibratome,
and the basic geometric parameters were acquired from optical images, as shown in Fig. S4. Fig. 5 presents the
distributions of the leaf height (L), width (W), and thickness (") obtained from the section samples. Fig. S5
shows the correlation heatmap of these three parameters; the thickness was strongly correlated with the width,
as shown in Fig. 5(b). The thickness had a positive linear relationship with the width. Additionally, the ratio of
the total length of the lobe (Lt = v/L? + W?2) to the thickness was calculated as 12.1+1.36 for closed samples
and 12.1+1.22 for open samples. This ratio affects the snapping motion in the model proposed by Poppinga et
al. This ratio revealed the slenderness of the sample, and the higher the value is, the easier the sample snaps. The
samples used by Poppinga et al. had median slenderness values of 38.67 and 44.74 for N (normal size) and L
(large size) morphotypes respectively, but their slenderness values have a high variation. For our samples, this
ratio is smaller than theirs, although the calculation method is a little bit different.

Dynamic motion of Venus flytrap

Closing process

The lateral curves with respect to time during closing are plotted in Fig. 6(a). Supplementary video 1 shows the
dynamic motion, in which the change of the lateral curve and the route tracking by TrackMate in Image] could
be inspected. The closing curve changed rapidly, indicating that snapping occurred. The mean curvature of each
frame was calculated. As shown in Fig. 6(b), the mean curvature maintained in the first stage decreased suddenly
and finally stabilized. To test the closing time quantitatively, the Gompertz model was applied to fit the scatterers.

_e—blt—c)

Ft)=d+ (a—de

In this equation, lim f(¢) =a, lim f(¢) = d, and the amplitude A = a — d. The middle 80% of the area
t——o0 t—+oo

is used to define the closing time.

At =t ¢(t)=d+0.14 — t‘f(t):a—O.lA

The red pentagons indicate the closing period. For all the samples, N = 67 dynamic closing processes were
recorded. The relationship between the amplitude of the curvature and closing time is shown in Fig. 6(c). The
closing time did not decrease with an increase in the mean curvature amplitude. Comparing the outlier and
normal samples revealed that the outliers closed smoothly, as shown in Fig. 6(d). For the snapping motion, the
closing angle changed quicker and quicker; however, for the smooth motion, the angle changed with the same
speed. As indicated by Fig. S6, the absolute value of the mean curvature of the open state was smaller than that
of the closed state, which is consistent with the asymmetric closing and re-opening behavior.

To avoid the influence of fitting, the correlations between the mean curvature (curvature of the upper, lower,
and lateral curves for open and closed samples), leaf size (length, height and width acquired from the upper
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Fig. 2. 3D morphology of the plant obtained from laser profiler and processed by Matlab: (a) The original data
was obtained from the 3D laser profiler. (b) The contour and meshing images of the Venus Flytrap: the upper
epidermis, the lower epidermis, and the lateral surface for open and closed states. The section curves could be

used for the mean curvature calculation. The units of the x and y axis were pixel and the z axis was mm based
on the laser profiler.
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Fig. 3. The 3D surfaces fitted in the MATLAB and curvature calculation of the lateral surface: (a) The first
column: The figures from top to bottom are the upper epidermis, the lower epidermis, the opening lateral
surface, and the closed lateral surface respectively. The surfaces are presented by curves in vertical and parallel
directions to the midrib. The curves in both directions show the shape and curvature change. (b) The second,
third and fourth columns. The Gauss curvature (k1 - k2), mean curvature ((k1 + k2) /2), and principal
curvature (maximum curvature k1 and minimum curvature k2) of fitted surfaces. The first two rows display
the opening lateral surface information: the original data was used for the fitting surface, and then the
curvature of the fitting surface was calculated. Instead of the mean curvature or Gauss curvature of the whole
curve, the curvature of every point could be computed for detailed analysis. The last two rows display the
closed lateral surface information: compared with the opening surface results, it could be found that the mean
curvature and Gauss curvature changed a lot.

curve), and closing time were analyzed. The correction coefficients are shown in Fig. 7, from which it can be
concluded that the closing time is not strongly related to any of the known parameters.

In the modelling results of Forterre et al.l’ the closing time was related to the thickness of the plant. The
thickness could not be easily determined without damaging the plant, which is why section samples were used to
assess the relationship between the thickness and easily obtained parameters, such as the length and width of the
plant. As shown in Fig. 5(b), the thickness increased with the width. Meanwhile, Forterre et al. also mentioned

Lik

a mixed parameter o = “—, in which L = lenghttheight 'k means the mean curvature of the opening leaf,

and h is the thickness of the leaf. Even though the thickness of the leaf can not be measured directly by our
method, the linear relationshig between the width and the thickness could be utilized for calculation. Then the

N4
“mg”&%, in which w is the width of the leaf. As shown in Fig.S7, it could be found that

revised o =

the closing time would not be influenced by the revised c. Nevertheless, the width and leaf size L have a linear
relationship, which meets the conclusion obtained by Forterre et al. that the ratio between leaf size and thickness
was constant.

In our samples, the closing time did not change with respect to these geometric parameters. This may be due
to the resolution of the measurement and the definition of the closing time. According to our results, similar to
the all-or-none reaction of the action potential, the snapping behavior exhibited an all-or-none phenomenon.
Once the plant was standing by (finish energy storage in the process of reopening) and the stimuli were sufficient
to trigger the motion, it would snap (only 2 of 67 plants closed smoothly). Furthermore, it could not stop in the
intermediate state from open to closed, and a sudden jump occurred. In the snaping, the geometric parameters
may influence the energy we have to overcome to trigger the motion, but they have no impact on the closing
time.
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Fig. 4. The mean curvature and the size of samples: (a) The mean curvature distribution: as shown in the
third and fourth rows of Fig. 2 (b), 3D static information of the surface was scanned and the Open-Lateral and
Close-Lateral meant the mean curvature calculated from the lateral curve (the curve like the third column, and
the curve in the central part was utilized for calculation) for open and closed samples. Meanwhile, during the
dynamic closing process recording, the lateral curve in the central part was also measured and Open-Closing
and Close-Closing meant the mean curvature calculated from the closing process when the sample is open or
closed. The absolute value of the mean curvature of the open samples was bigger than the closed ones. (b) The
height and width information was obtained by the upper curve.
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Fig. 5. The size of the plant and the relationship between leaf width and thickness: (a) Leaf size distribution:
lc-length of the closed samples, wc-width of the closed samples, tc-thickness of the closed samples, lo-length
of the open samples, wo-width of the open samples, to-thickness of the open samples. (b) The relationship
between the width and thickness of the leaves: the thickness would increase by the width.

The speed of the plant was defined as half the width divided by the closing time, and the corresponding

correlation coeflicient is shown in Fig. S8. Because time was not related to other parameters, the speed increased
with the width of the lobes. The increased speed might be caused by the bigger turgor pressure, which would be
influenced by the cell volume, cell number, cell wall stiffness, and chemical concentrations. The possible factors
would be measured and discussed in future work. In the model from Sachse et al.?!, they mentioned hydraulic
pressure differences would cause prestress of the leaf. The speed calculated here was the mean speed during the
closing, the acceleration of the leaf must be deduced if we want to test the prestress of the plant from data in this
study.
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Fig. 6. The closing process and closing time definition: (a) The lateral curves changed over time for the sample

with snapping motion: the curve would change quickly in a period. The closing happened from t=0.2 s to

t=0.6 s quickly. (b) The mean curvature changing during the closure: the red pentagon represented the upper
10% and lower 10%. (c) The scattering for the amplitude of the curvature change and closing time. (d) The

lateral curves for the sample without snapping: the lobe closed smoothly. The distance from t=0.4 s to t=0.6 s
was similar to the distance from t=0.6 s to t=0.8s.

Re-opening process
As reported by Poppinga et al., the re-opening process had to be sufficiently slow to store energy and digest
insects?®*. The re-opening motion of the Venus flytrap was recorded by the 3D laser profiler (N = 6). After the
closing motion was triggered, the lateral surface was scanned every hour for 48 h, as shown in Supplementary
video 2. As shown in Fig. 8(a), the lateral surface was contoured, and the shape remained almost constant, after
which the lobe started to open. Similar to the closing process, motion occurred mostly in the middle and top
areas. Subsequently, the lateral and mean curvatures were calculated. In Fig. 8(b), the colored bar represents
the curvature. Fig 9 shows the mean curvature change. The mean curvature is almost maintained at the same
negative value, indicating that the plant remained in a closed state. Approximately 15 h later, the plants began to
open, and the mean curvature increased until 30 h after closure, when it returned to a positive value. There were
individual differences among the samples, but the re-opening process exhibited the same trend as the closing
process, except for the timescale. Similarly, the absolute value of the mean curvature after opening was smaller
than that after opening.

Asymmetric-bifurcation model of Venus flytrap
Spring-actuated jumping systems are always adopted to explain the process that insects first latch their legs in
place and then slowly contract muscles that store muscle work in elastic cuticular structures®®¥. The elastic
energy could be released to actuate leg extension. Similar to this kind of energy system, plants could store energy
by their turgor pressure or cell wall stiffness*®3°. In both the closing and re-opening process, the curvature of
the closed state had a larger absolute value than that of the opening state, which indicated the asymmetries.
Therefore, a mathematical model that exhibits these characteristics is crucial. Asymmetric bifurcation of the
buckling model is used to explain the Venus flytrap model. As shown in Fig. 10, instead of the symmetric model
used by Durak et al.?, the lobe was connected to an inclined spring, which caused asymmetric equilibrium paths
in our model.
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Fig. 7. The correlation coefficient between geometric parameters and the closing time: (a) The length of

the Venus flytrap. (b) The meaning of all parameters. Lowercur-mean curvature calculated from the lower
curve, Uppercur-mean curvature calculated from the upper curve, Height and width were acquired from the
upper curve, LOpencur-mean curvature from the lateral curve when the sample was open, LClosecur-mean
curvature from the lateral curve when the sample was closed, Dcurvature-the difference of the mean curvature
between open and closed curve, and Time-closing time defined by Gompertz model. c. The correlation heat
map for the closing time and geometry parameters.

In Fig. 10, the model is modified to a cantilever ( ) that is skewly supported by a spring, whose length is
L = ad. For the spring, B = cw, where B represents the force of the spring, ¢ is the spring constant, and
w = l(\/ 1+ a2 + 2asing — v/1 + a2) represents the elongation of the spring, with gbeing the rotation angle

of the cantilever®!. The external force ' = A\Fy + fu changed with the vertical deformation u. The values of Fy
and f were defined in each case.

In the case of a dead load, the load is not related to the deformation of the cantilever and the fundamental
equilibrium path is given by the classical expression
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Fig. 8. The reopening process of the Venus flytrap: (a) The contour images during re-open process: X-0 h was
the open state, x+ 0 h was the sample triggered to close, and then the sample would be scanned every hour for
48 h. After 48 h, the sample would be scanned again at 63 h. (b) The lateral curves during the re-open process:
the color bar indicated the curvature, and the number showed how many hours after the closing. The main
moving parts were the middle and upper parts.
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Fig. 9. The mean curvature changes of the re-open process for all six samples: The curvature kept for

approximately 15 h, and then the sample began to open. The re-open process shared a similar trend with the
closing process, but the time scale was bigger.
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where A, represents the asymmetric-bifurcation point at ¢ = 0 and ¢ = +.

For the dead load (f = 0), the associated classical function K (¢) of the tangent stiffness was as follows when we
selectedc=1,l=1,Fy =1,anda = 2:

g2 |22 1fa? 1402
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Fig. 10. The asymmetric bifurcation model that a cantilever connected with an inclined spring. The Venus
flytrap has three positions- position one was the open state, position two was the position where the spring was
unstretched, and the position three was the closed state.
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Fig. 11. (a) The equilibrium paths of the asymmetric bifurcation model for different f values. The x-axis was
the rotation angle of the cantilever and the y-axis was the equilibrium path. (b) The tangent stiffness of the
model.

For a linear variable load, the post-bifurcation equilibrium paths are expressed as follows:

M) = [ (1= /et ) — £ (1 - cos0)| ()

2 2
)\c'r - I% liaz >\cr - FLO (Cli7 - 2f) (4)

with the same asymmetric-bifurcation point at the critical point at ¢ = 0 and different asymmetric-bifurcation
points at ¢ = 7. The associated tangent stiffness function is expressed as follows:

_ g2 2 2 1+a2 _ «a _ 1+a2 120002
K(q)=d |:o¢ cos“q (a2 r20mmg)®  5na (1 £/ 1+a2+2a5mq>:| fl#sinq. (5)

To identify the influence of the external load and simplify the calculation, in the model, the parameters were set
asc=1,l =1, Fy = 1,and a = 2. The relationship between the rotation angle and equilibrium path is shown
in Fig. 11. The exact value of this parameter will be determined in a future study.

For the Venus flytrap, the original vertical position of the mathematical model with an unstretched spring
was an intermediate state. The closed state was the equilibrium position near the original position, and the open
state was a position farther from it. The energy of the system E can be increased by the work done by an external
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force W = Fu; thus, larger vertical deformation of the equilibrium path corresponds to a larger amount of
energy stored in the system. Owing to the asymmetric positions of the two states, their energies differed. The
slow re-opening was caused by higher energy in the open state. When the samples were dehydrated, the energy
decreased until it was lower than that of the closed sample, as shown in Fig. 1. During the reopening process,
the system requires more energy storage (from the hydraulic pressure or stress in the cell wall) and the closing
process would utilize the stored energy for quick snapping.

Conclusion

Using a 3D laser profiler, static 3D information of a Venus flytrap in the open and closed states was acquired,
and the dynamic closing and re-opening processes were recorded. According to the shape data, a contour map
was employed to describe the 3D information of the plant, and the mean curvature during closure and re-
opening was calculated. The correlation coefficients between the closing time and leaf geometric parameters
were analyzed. Finally, a mathematical bifurcation model was used to explain the asymmetric motion of the
plant.

The open and closed states exhibited similar curvature change trends over time. However, they had different
mean curvatures and timescales, indicating energy differences. During closure, snapping and smooth motion
were observed. Moreover, the closing time was not strongly correlated to any other geometric parameter, and the
plant snapped from the open position to the closed position once the stimuli were sufficiently strong to trigger
motion. It could not stop at the intermediate position, and the closure was all-or-none, similar to the action
potential. A mathematical buckling model with asymmetric equilibrium paths explained the rapid closure and
slow re-opening motion of the Venus flytrap. The conclusion that the closing time is not related to the geometric
parameters can inspire a minimized soft robot and the linear relationships between some parameters could
instruct the design of the artificial Venus flytrap. Despite the current conclusion being limited to robot design
because it is still uncertain why the closing time is not related to the geometric parameters; this phenomenon
should be considered when the artificial Venus flytrap is proposed.

Data availability
The datasets generated and/or analyzed during the current study are available in the figshare repository at https
://figshare.com/articles/dataset/keyence_shape_sensor_data/25678779
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