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Workflow assessing the effect of
Achilles tendon rupture on gait
function and metatarsal stress:
Combined musculoskeletal modeling
and finite element analysis
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Abstract
Achilles tendon rupture (ATR) incidence has increased among badminton players in recent years. The foot internal stress
was hard to obtain through experimental testing. The purpose of the current research is to develop a methodology that
could improve the finite element model derived foot internal stress prediction for ATR clinical and rehabilitation applica-
tions. A subject-specific musculoskeletal model was combined with a 3D finite element model to predict the metatarsal
stress. The 80% point during the push-off phase of walking was selected for the comparing between injured and unin-
jured sides. The surgical repaired Achilles tendon (AT) after 12 months was elongated by 5.5% than the uninjured ten-
don. At 80% point of stance phase, the ankle plantarflexion angle and AT force decreased by 39.6% and 21.9% on the
injured side, respectively. The foot inversion degree increased by 22.9% and was accompanied by the redistribution of
metatarsals von Mises stress. The stresses on the fourth and fifth metatarsals were increased by 59.5% and 85.9% on the
injured side. The workflow is available to assess musculoskeletal disorders and obtain foot internal stress after ATR. The
decreased ankle plantar flexor force may be affected by triceps surae muscle atrophy and weakened force transmission
ability of elongated AT. The increased von Mises stress on fourth and fifth metatarsals accompanied by higher foot inver-
sion may increase the ankle lateral sprain injury risk.
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Introduction

The Achilles tendon (AT) is the largest and thickest ten-
don structure in the body, consisting of the calf triceps
tendon (which includes the medial and lateral gastro-
cnemius and the soleus muscle).1 The medical imaging
research has shown that AT has the worst blood supply
in the following range: if calcaneus is taken as an origin,
the AT has a poor blood supply in its length between 2
and 6 cm, horizontally measured.2 The AT is a key
structure in the lower limb since it transmits force
upward through the joint chain and further consumes
energy through the bone and soft tissues. Farris et al.3

found that the contribution of the AT to the ankle joint
during running was more than 50%. Therefore, AT is
related to the improvement of the running economy.
Larger AT stiffness can significantly reduce oxygen

consumption, while longer AT arms can improve the
running economy by reducing the required muscle
activity.4

Concerning the load of the AT, at full speed run, the
peak load of the AT is about 12.5 times the body
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weight, during jumping or shuttle run, the peak load of
the AT can reach 3–5 times the body weight.5 AT is
highly sensitive to mechanical stimuli, therefore regular
exercise can increase the diameter of the AT, while less
activity results in a decrease in the diameter.6 The
increase in elastic modulus and stiffness after training
indicates that the AT will undergo adaptive changes
after training to withstand higher stress.7 Achilles ten-
don rupture (ATR) does not seem to affect neuromus-
cular control but may affect the output of the lower
limb mechanical power during the stance period,
thereby affecting joint stability.8 Consequently, when
discussing complex AT injuries, it is not possible to
consider only the mechanical properties and functions
of the AT itself.

The incidence of ATR continues to grow, the inci-
dence on the left side is higher than on the right side
while 75% of acute ATR is associated with exercise.
Incidences regarded to the right side may be since the
right leg is more often used to push the weight to the
left leg.9 The mechanism of injury can be related to
rapid plantarflexion movements in the ankle joint when
the soleus muscle contracts. This can be explained as
follows: when stepping on the edge of the sidewalk, the
knee is in full extension while at the same time the ankle
joint is in full plantarflexion. At this moment a huge
ankle dorsiflexion force is exerted on the foot likewise
as an athlete jumps or falls from a height, then this dor-
siflexion force can rupture the AT suddenly.10 The
ATR incidence is always at a high level in badminton
sport, because of a large number of directional lunges,
jumping, and landing movements.11 Evidence has been
reported that ATR will cause persistent tendon elonga-
tion and it is associated with biomechanical deficits
such as decreased plantar flexor muscle strength/vol-
ume, decreased ankle joint proprioception, and reduced
AT stiffness.12

The gait abnormalities and functional deficits have
been found in the ruptured side compared with the con-
tralateral side and healthy control group.13

Experimental measures that quantify regional tendon
strain are currently restricted to a small imaging region
of a portion of the AT and less dynamic slow activities
such as isolated contraction and walking.14 Direct mea-
surement of AT and foot internal tissue interactive
forces and stresses are not ethically viable, therefore
computational modeling, such as musculoskeletal mod-
eling and finite element analysis are combined to inves-
tigate the relative effects of variations in tendon
geometry and material properties on local stress and
strain.15 Therefore, the purpose of this study was to
develop a computational methodology, which com-
bines the subject-specific musculoskeletal model and
finite element modeling to predict the foot internal
stresses and strain based on medical imaging and gait
analysis data. It was hypothesized that the injured AT
would decrease the AT force (triceps surae muscle
force) and redistribute the metatarsal strain and stresses
during normal walking.

Methods

Participant

This study recruit one sub-elite badminton player
(male, age: 27 years old, badminton experience:
16.5 years, BMI: 22.8 kg/m2) who sustained acute uni-
lateral ATR 12months ago. The percutaneous surgical
repair was applied for the subject within 1week of
ATR injury. The rehabilitation program of the subject
was made by a rehabilitation physiotherapist. The
exclusion criteria were lower limb operation within
6months, re-rupture of the injured AT or rupture of
the contralateral AT.16 Ethical approval was obtained
by the local ethics committee in the University (No.
RAGH202010160004) under the Declaration of
Helsinki. The participant was informed of the experi-
mental process and signed the informed consent before
participation.

Gait analysis

The lower extremity kinematics including hip, knee,
ankle, and subtalar joints were recorded using an eight-
camera high-speed motion capture system (VICON
MX-T20, Oxford, UK, frequency=200Hz). The
ground reaction forces were collected simultaneously
using two 6 degrees of freedom force platforms (AMTI,
Watertown, USA, frequency=1000Hz). In total 38
reflective skin markers were attached to the anatomic
bony and digitized landmarks, as shown in Figure
1(a).17 Participant was asked to walk barefoot at self-
selected comfort speed over a 15m walkway. Subjects
were asked to hit the force platform with both feet
respectively until 10 successful trials were obtained. The
recorded lower limbs kinematics and kinetics were
exported using the inherent Vicon Nexus 1.8.5 soft-
ware, then the outputted .C3D files including joint
kinematics and ground reaction forces (GRF) were col-
lected as the input of musculoskeletal and finite element
modeling.18 The surface electromyography (EMG,
Delsys, USA) signal of the bilateral triceps surae mus-
cles (medial gastrocnemius, lateral gastrocnemius, and
soleus) were taken at the frequency of 1000Hz during
each maximal voluntary isometric contraction (MVIC),
bandpass filtered at 16Hz–380Hz, low-pass filtered at
7Hz.19 The kinematic and muscle activity data were
represented as waveforms that changed continuously
throughout the stance phase and were normalized into
101 data points.

Musculoskeletal model

The generic Gait2392 musculoskeletal model upon
adult cadaver data includes 12 rigid-body segments, 23
degrees of freedom, and 92 muscle-tendon actuators
were used to determine lower extremity joint kinematics
and optimize the bilateral triceps surae muscle forces,
as shown in Figure 1(b).20 The Clinical MR (magnetic
resonance) images (Philips 3T, General Electric, USA)
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scan the shank and the complete foot were performed
when the subject laid in a prone position with their legs
fully extended. The repetition time/echo time was set to
500/14ms, the field of view was 20 cm and the slice
thickness was 1mm. The segmentation was performed
by the Mimics 20.0 software.21 The insertion points of
AT on the calcaneus as well as the AT slack length were
determined from the reconstructed MR images.22 The
AT slack length and the triceps surae muscle optimal
fiber length between the injured side and uninjured side
was adjusted based on the measured MR images,23 and
further validated through ultrasound imaging system
(Aloka, Tokyo, Japan) with the frequency of 10MHz
and a distance resolution of 0.26mm.

Segment lengths, muscle attachment points, joint
articulations, and muscle lengths were scaled to each
participant based on anthropometric parameters and
reflective markers attached to the body landmarks.24 It
should be noted that the use of altering the optimal
fiber length and the tendon slack length in the patient-
specific musculoskeletal model was a novel step for
Achille tendon rupture musculoskeletal model build-
ing.25 The Inverse Kinematics (IK) tool embedded in
OpenSim minimizes the errors between experimentally
tested marker trajectories and markers fixed to the
model, which was used to determine the lower limb
joint angles during each walking trial. The Inverse
Dynamics (ID) tool was used to compute the external
joint moments and determine the generalized forces at
each joint. The workflow of the triceps surae muscle
forces estimation was shown in Figure 1. The Static
Optimization (SO) algorithm was used to calculate the
muscle forces based on the three-element Hill-type
muscle model, which minimizes the sum of muscle acti-
vations squared.26 The gastrocnemius muscle weighting
constant was set at 1.5, the hamstrings was set at 2, and
1 for the other muscles.27 The triceps surae muscle
forces were computed as the sum of medial

gastrocnemius force, lateral gastrocnemius force, and
soleus force, which was considered as the AT force and
normalized with body weight (BW).

Finite element model

The DICOM format medical imaging files were
imported into Mimics 18.0 (Materialize, Leuven,
Belgium), and the image gray threshold segmentation
method was used to determine the skeleton and soft tis-
sue boundaries. The obtained STL file was imported
into Geomagic Studio 12.0 (Geomagic, Inc., USA) for
smoothing all the uneven surface, and then processed
using Solidworks 2020 (SolidWorks Corporation, MA,
United States) to generate a solid model of 28 bones
including tibia, fibula, and foot bones and soft tissue.28

In the finite element analysis software ANSYS
Workbench 18.0, the mesh is divided and the model is
established. The mesh type selects regular tetrahedral
elements. The established three-dimensional finite ele-
ment model of the foot and ankle include 28 bones, 72
ligaments, plantar fascia, and encapsulated soft tis-
sue.29 To simplify the complexity of the model, all
bone, ligament, and cartilage materials in the model are
idealized as uniform and isotropic elastic materials.30

The contact behavior is defined between the articular
surfaces of each group of bones, and the cartilage
thickness is set according to known literature reports.
The material properties and unit types of various orga-
nizations are shown in Table 1.31

Ligaments and plantar fascia were regarded as mate-
rials that bear tensile loads without being compressed,
and the external soft tissues were defined as elastic
materials. The ankle ligaments and plantar fascia were
connected by truss elements. The AT was attached to
the calcaneal tubercle, which allows the MG, LG, and
SOL muscle forces to apply a uniformly distributed AT
tension throughout the whole AT cross-sectional area.32

Figure 1. The workflow of experimental testing and musculoskeletal modeling.
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A three-dimensional soft tissue was reconstructed to
encapsulate all the tendons, ligaments, and foot muscu-
loskeletal elements (see Figure 2).

To simulate the propulsion phase of the foot during
walking, a non-deformable solid ground was estab-
lished in the model and the material properties were
assigned.33 The contact behavior was established
between the foot and the ground, the friction coeffi-
cient was set to 0.6, the loading and boundary condi-
tions of the foot and ankle were shown in Figure 2.34

The previous research found that patients with uni-
lateral ATR had bilateral lower extremity gait asymme-
try during the rehabilitation period. The ankle and foot
of the affected lower extremity showed an inversion
tendency during walking. The calf muscle strength
decreases on the injured side. Therefore, in this study,
the individualized musculoskeletal model was first used
to optimize the calculation of bilateral lower limb gas-
trocnemius and soleus muscle strength, and the alge-
braic sum of the two was used to express the combined
force of the calf triceps. The stress distribution of the
metatarsals during the gait propulsion phase was stud-
ied. The bodyweight of the selected represent subject is
68 kg, thus the vertical ground reaction force was set to
340N (50% of body weight).35 According to the princi-
ple of force equivalent interchangeability, a ground
reaction force of 340N was applied to the ground in a
direction perpendicular to the support upward. After
the boundary and loading conditions were settled, the
finite element model of the foot and ankle was calcu-
lated during the propulsion phase, and the general sta-
tics algorithm was used in the ANSYS Workbench 18.0
software.36 The von Mises stress of the five metatarsals
was extracted.

Model validation

Musculoskeletal model validation. For the musculoskeletal
model validation, the estimated muscle activation
extracted from OpenSim were compared with the
recorded EMG during the stance phase for the subject
qualitatively.37 The recorded root mean square (RMS)
of the medial and lateral gastrocnemius during the
stance phase of walking were found similar and in good
agreement with the predicted muscle activation. The
calculated joint kinematics from the IK tool and the
joint external moments from the Inverse Dynamics (ID)

tool were compared with previously published studies,
the tendency and amplitude were found approaching
one another.38 Thus, the obtained triceps surae muscle
force was used to define the muscle loading condition
for the finite element foot simulation.

Finite element model validation. The plantar pressure plate
(Novel, Munich, Germany) was used to measure the
plantar pressure of the patient, and then the collected
plantar pressure distribution was compared with the
predicted plantar pressure by the finite element analy-
sis, and the peak values were compared to verify the
validity of the model.39 With the loading of 340N
ground reaction force to simulate the natural standing
of both feet, the plantar pressure distribution trend of
the model established in this study was similar com-
pared with previous studies. It is verified that the peak
pressure of the finite element simulation is 0.36MPa,
the peak value of the plantar pressure test result is
0.17MPa, and the peak plantar pressure appears in the
heel area. In this study, when the finite element simula-
tion under the condition of 340N ground reaction
force, the peak plantar pressure was 0.18MPa, the
peak value was also distributed under the heel region.15

In summary, the three-dimensional foot-ankle complex
finite element model established in this study was
effective.

Figure 2. The three-dimensional finite element model of the
foot and ankle complex.

Table 1. Material properties and element types of the finite element model.

Component Element type Elasticity modulus E (MPa) Poisson’s ratio Cross-section area (mm2)

Bone Tetrahedron 29200 0.30 –
Cartilage Tetrahedron 1 0.40 –
Ligament Truss 260 – 18.4
Plantar fascia Truss 350 – 58.6
Soft tissue Tetrahedron 0.15 0.45 –
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Statistical analysis

The stance phase of the bilateral lower limbs during
walking from heel strike to toe-off was selected and
analyzed in this study. The knee flexion/extension,
ankle dorsiflexion/plantarflexion, and subtalar inver-
sion/eversion angle, the medial gastrocnemius, lateral
gastrocnemius, and soleus muscle forces raw data from
10 trials of each subject were interpolated into 101 data
points to represent the stance phase. The muscle forces
were normalized to body weight (BW). The 1D
Statistical parametric mapping (SPM) paired-sample t-
test was performed to compare the joint kinematics
and muscle forces between uninjured and injured sides,
due to the one-dimensional time-series characteristics.40

All statistical analyses were performed in Matlab
R2018a (MathWorks Inc., Natick, MA, USA), the sig-
nificance level was set at 0.05.

Results

Lower extremity kinematics

The subject walked with a velocity of 1.42m/s, a stride
length of 1.49m. The knee and ankle joints sagittal
plane and the subtalar joint frontal plane kinematics
were extracted for the SPM1D analyses. At the knee
joint during the stance phase of walking, the knee flex-
ion angle decreased in the injured side at 0%–3%
(p=0.027), and 63%–80% (p=0.010), as shown in
Figure 3(a). At the ankle joint during the stance phase
of walking, the ankle plantarflexion angle decreased in

the injured side at 0%–78% (p \ 0.001), as shown in
Figure 3(b). At the subtalar joint in the frontal plane,
the inversion angle increased in the injured side at 0%–
4% (p=0.034), and 56%–87% (p \ 0.001), as shown
in Figure 3(c). At 80% time point during the push-off
phase, the ankle plantarflexion angle decreased by
39.6% on the injured side, the subtalar inversion angle
increased by 22.9% in the injured side compared with
the uninjured side, respectively.

AT length and force

The injured AT slack length was found elongated com-
pared with the uninjured side, and the average percent-
age was 5.5%. The triceps surae muscles including the
medial gastrocnemius, lateral gastrocnemius, and
soleus forces during the stance phase of walking were
estimated and recorded to represent the AT force, as
shown in Figure 4. The medial gastrocnemius muscle
force decreased at 7%–12% (p=0.006), 20%–46%
(p \ .001), and 68%–86% (p \ 0.001) in the injured
side compared with the uninjured, as shown in
Figure 4(a). The lateral gastrocnemius muscle
force decreased at 3%–44% (p \ 0.001), 68%–87%
(p \ 0.001), 97%–98% (p=0.049) in the injured side,
as shown in Figure 4(b). The soleus muscle force
decreased in the injured side at 69%–95% (p \ 0.001),
as shown in Figure 4(c). At 80% time point during the
push-off phase, the AT force was decreased by 21.9%
in the injured side compared with the uninjured side.

Figure 3. The calculated knee joint flexion/extension, ankle joint dorsiflexion/plantarflexion and subtalar joint inversion/eversion
(a–c) during the stance phase (100%) of walking for the injured side (blue) and the uninjured side (red).
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Stress distribution on the metatarsals

The finite element simulation at the late stance phase
was performed to observe the metatarsals stresses. The
foot in the injured side was more inverted, and the plan-
tarflexion degree was declined during the late stance
compared with the uninjured side. The triceps surae
muscle force namely the AT force was decreased in the
injured side during the late stance of walking. The von
Mises stress in the five metatarsals was redistributed
due to AT injury, as shown in Figure 5. Compared to
the uninjured side, the lateral forefoot suffered from
higher von Mises stress on the injured side. The AT
injured foot showed significant increases in von Mises
stress at the fourth (9.86MPa for the injured while
3.99MPa for the uninjured, 59.5%) and fifth (5.66MPa
for the injured while 0.80MPa for the uninjured,
85.9%) metatarsals, and decrease at the first (0.41MPa
for the injured while 4.90MPa for the uninjured,
91.6%) and second (1.94MPa for the injured while
5.88MPa for the uninjured, 67.0%) metatarsals, as
shown in Figure 5.

Discussion

The finite element foot model constructed in this study
assists the experimental gait analysis to assess the foot
internal complex biomechanical behavior and calculate
the unmeasurable metatarsal stress. The subject-specific
foot-ankle geometry, as well as the AT morphology,
were reconstructed through medical images. Three-
dimensional foot and ankle kinematics and vertical

ground reaction forces were measured in a gait analysis
laboratory to define the boundary conditions in the
finite element model. The subject-specific musculoskele-
tal model was applied to obtain the individualized mus-
cle forces loading conditions between the injured side
and uninjured side. Most of the previous studies quote
the muscle force from the literature, or muscle electro-
myography signal, or the muscle force linearly propor-
tional to physiological cross-sectional area (PCSA)
assumption, or reverse predicted by the using of joint
moments.34,41,42 The calculated muscle forces using sta-
tic optimization (SO) tool as input could improve the
predictive accuracy of metatarsal stress from the finite
element model.15

The AT elongation was found in the injured side
after 12months of surgical repair compared with the
uninjured side (5.5%). Thus, the tendon slack length
and optimal muscle fiber length of the three ankle plan-
tar flexor muscles medial gastrocnemius, lateral gastro-
cnemius, and soleus muscles between the two sides were
modified proportionally in OpenSim.43 The subject-
specific musculoskeletal model may increase the predic-
tion accuracy of muscle forces. The foot-ankle complex
finite element model contains most of the musculoske-
letal components, which include 28 bony structures,
reconstructed AT, cartilage layers, plantar fascia, liga-
ment bundles, and 3D encapsulated soft tissues. The
tetrahedral elements mesh was applied for bony, carti-
lage, and encapsulated soft tissue instead of hexahedral
elements, which was due to the similar accuracy and
ability for the calculation of peak von Mises stress,
except that the use of tetrahedral elements may increase

Figure 4. The estimated gastrocnemius medialis (a), gastrocnemius lateralis (b) and soleus(c) forces during the stance phase (100%)
of walking for the injured side (blue) and the uninjured side (red).
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computer calculation time.44 The material properties of
the above-mentioned components were defined as con-
sistent between the injured and uninjured sides. The
sensitivity of the finite element model was verified by
comparing the tested plantar pressure and predicting
specific region peak and average plantar pressure dur-
ing balanced barefoot standing.45 The compared plan-
tar pressure was found in good agreement between the
predicted and tested results, the average and peak pres-
sure percent errors were lower than 10%. To under-
stand the influence of unilateral ATR on foot internal
biomechanics asymmetry, and further improve the
effectiveness of rehabilitation and treatment.46 A com-
bined subject-specific musculoskeletal and foot-ankle
complex finite element model was developed to provide
potential information for the study purposes and clini-
cal application.47

The late stance phase of walking (60%–100%) was
selected for the finite element analysis, the 60% of the
stance phase was defined as initial push-off and the heel
start to arise. The 80% moment during the push-off
phase was selected as the target point for finite element
analysis.48 The reason was that in this special moment,
the ankle plantarflexion, subtalar inversion, and AT
force were almost in their peak values. The ankle joint

dorsiflexion transit to plantarflexion, and the AT force
increase rapidly to lift the heel during the push-off
phase.49 The main asymmetry appears at the 80%
moment of stance phase between the injured side and
uninjured side were found as below: (1) The ankle plan-
tarflexion angle in the injured side was significantly
decreased by 39.6% compared to the uninjured side;
(2) The subtalar joint inversion angle degree, also
known as the foot was found more inverted (22.9%) in
the injured side; (3) The triceps surae muscle atrophy
was observed obviously in the ATR side (21.9%). As
expected, along with the different boundary and load-
ing conditions given to the injured and uninjured foot-
ankle finite element model, the metatarsals stresses
were redistributed in the push-off phase, which was
also in agreement with previous studies.42,50,51 The von
Mises stress on the fourth and fifth metatarsals was
increased by 59.5% and 85.9% on the injured side.
While the normal side showed the concentration under
the second and third metatarsals.

The increased peak von Mises stress of the fourth
and fifth metatarsals indicates that the ATR side may
undergo higher injury risks of the fourth and fifth
metatarsals.52 The elongated AT and altered mechani-
cal properties after rupture may affect the force

Figure 5. The comparison of von Mises stress at the five metatarsals between the injured and uninjured sides (A&B front and back
view of metatarsals in the uninjured side; C&D front and back view of metatarsals in the injured side).
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transmission from the triceps surae muscle.53 Which
accompanied by decreased ankle plantar flexor strength
may responsible for the descend control ability of the
foot in the frontal plane.54 Therefore, the ankle-foot
lateral sprain injury risk will be aggrandized in the AT
injured side.55 The physical activity level and major
functional deficits were observed to persist even
2–6 years after tendon rupture.56 Previous research also
found that the soleus tendon and gastrocnemius tendon
were significantly elongated in the ruptured side, which
was accompanied by decreased fascicle length of the
gastrocnemius muscle and persistent functional defi-
cits.53 The AT anatomical changes and the appearance
of triceps surae muscle weakness may be caused by the
decreased force transmission capability of the tendon.57

The ankle plantar flexors were operated primarily in
the sagittal plane, while the increased loading in the
frontal plane may compensate for the deficit in the
sagittal plane.58 Thus, the foot and ankle inversion
degree increased in the injured side, and corresponding
with higher metatarsal stresses distribute on the lateral
plantar. Decreased knee flexion angle was found
decreased in the injured, which may weaken the cush-
ion effect of the lower extremity.59 A recent study
found that patients after an ATR suffer from higher
knee abduction moments and knee joint loading in the
ruptured side.60

Several limitations should not be ignored in this
study, the first limitation was the cross-sectional design
of the experiment. Thus, the biomechanical and func-
tional variations were not clear as causes or conse-
quences after an ATR. A long-term follow-up study
design may provide more information for a better
understanding of the injury mechanism of ATR.
Secondly, only the barefoot condition was included in
this study, while the comparison of barefoot and shod
walking was not considered. Thirdly, the ATR mostly
occurs during plantar flexors suffering rapid eccentric
loading. Therefore, future studies should include cut-
ting, landing, stop and go movements, which investi-
gate the limb alignment and explosive actions after the
ATR.13 Moreover, the muscle force estimation was
relied on the static optimization algorithm, while the
recorded muscle activation data through surface EMG
were not accounted, thus the Computed Muscle
Control (CMC) method should be considered in the
future.61 The AT material property was taken from the
previous study, and the foot-ankle complex geometry
was obtained in an unloaded position from the MRI
scanning. Thus, the finite element model sensitivity
should be performed in future studies. Future research
should consider follow-up study design and include
movements suffering rapid eccentric loading.

Conclusions

In this study, a computational methodology that com-
bines the subject-specific musculoskeletal model and

finite element modeling was developed to predict the
foot internal stresses and strain based on medical ima-
ging and gait analysis data. It was found that an ATR
influences the ipsilateral foot metatarsal stress distribu-
tion during walking compared to the uninjured side.
Higher stress on the fourth and fifth metatarsals may
increase the risk of stress-related and ankle lateral
sprain injuries. Future studies should consider follow-
up experimental design and include maneuvers like
landing, cutting, and hopping.
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