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Supplementary Note 1 — Anatomical modeling of muscles,
tendons and bones
We are interested in capturing both biomechanics and morphology in musculoskeletal systems,
whereby the Hill model and Cosserat theory are used. In addressing the biomechanical aspects,
the Hill model interprets skeletal muscles as viscoelastic materials consisting of contractile el-
ements (CE, myosin and actin), parallel elastic elements (PE, tissues wrapping around muscle
fibers) and serial elastic elements (SE, tendons) (1) represented as dampers and springs (Sup-
plementary Fig. 1a). The model has been widely used in kinesiological problems (2, 3) due to
its simplicity. However, treating an entire muscle bundle as one integrated system results in
the inability to selectively activate motor units of different sizes for fine-tuned motor control, to
render individual motor units passive in the case of muscle injuries for customized rehabilitation
or to account for the muscle’s own deformation in response to system dynamics.
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Supplementary Figure 1. (a) Hill three-element model—contractile (CE), parallel elastic (PE) and serial elastic
(SE) elements—and simulation of a head of biceps brachii containing 18 filaments, each made up of 20 motor
units. (b) Size principle relating muscle twitch time and peak force to motor unit size, based on (4).

Instead, we treat muscles as a collection of viscoelastic filaments and model each filament to
represent motor units made of muscle fibers (≤ 100µm in diameter, which are never controlled
individually). The number of fibers per filament depends on the desired level of actuation pre-
cision, the muscle type (5) and the individual (6). Here we relate the filament’s cross-sectional
area to its peak contraction force and twitch time via the size principle (1), for which low-
force, slow-twitch are associated to small motor units (filaments), while high-force, fast-twitch
to larger ones (Supplementary Fig. 1b). We assume a constant maximum voluntary contrac-
tion stress (σMVC) across the filament, forming a linear relationship between peak force output
and motor unit cross-sectional area as suggested in (4). To relate size to twitch time, we con-
sider a linearly decreasing relationship (7) with extreme values taken from (1). The mechanical
properties of the filament, mainly elasticity and internal dissipation, the analogs of PE and CE
respectively, are also based on biological data.

The replication of the two-headed muscle of an elbow joint, the biceps brachii (Supplemen-
tary Fig. 1a), may provide an intuition of our muscle modeling approach. Each head is made of
360 motor units based on (8) and equally-distributed among N = 18 filaments. While the num-



ber of motor units is a physiological, well-defined quantity, their grouping into 18 contractile
model filaments that can be autonomously recruited is a modeling approximation. The level of
course-graining can be adjusted depending on the desired level of detail and can even match all
360 physical units, although this will increase computational costs. Relating filament diameter
to muscle fiber count in each motor unit (assuming an average fiber diameter of 75 µm (9)), we
create a biceps head with a cross-sectional area A = 804.2 mm2 and 18 × 104 muscle fibers,
approximately consistent with the cross-sectional area and muscle fiber count reported in (9).
Generalizing this approach allows us to replicate any generic muscle bundle capable of multi-
level muscle recruitment through the appropriate combination of filament diameters and motor
unit counts in each filament. For all the study cases presented in this paper, we assume the
muscle unit’s behavior is modeled as established here, unless specified otherwise.

Tendons and bones are instead represented as passive slender filaments with tapering seg-
mental radii, whose biomechanical properties are also set according to experimental data. With
these basic building blocks (muscles, tendons and bones) in hand, we are capable of replicat-
ing complex musculoskeletal systems given their biomechanical properties, as long as they are
comprised of slender elements.

Supplementary Note 2 — Model validation: the human elbow
joint
In order to validate our numerical approach, we consider the human elbow joint comprised of
muscles, tendons and bones (Main Fig. 1a). We model the biceps brachii described in Sup-
plementary Note 1. The bones (humerus, ulna and radius) are modeled as passive, rigid rods
whereas the tendons (proximal and distal) are modeled as tapered passive but elastic rods, both
with tapering geometrical features. The final assembly of the elbow joint is achieved through
the boundary conditions described in the Methods as well as the human elbow joint section in
the main text. The biomechanical properties of each element are detailed in Supplementary
Table 1.

Supplementary Table 1. Bio-mechanical properties of muscles, tendons and bones used in simulations.

Parameters Values Parameters Values
Muscle E (10) 10 kPa Muscle Density (11) 1.06 g cm−3

Bone E (12) 15 GPa Bone Density (12) 1.75 g cm−3

Tendon E (13) 500 MPa Tendon Density (13) 1.67 g cm−3

Humerus Lengtha 0.34 m Humerus Radiusa 0.0105 m
Radius Lengtha 0.255 m Radius Radiusa 0.0105 m
Ulna Lengtha 0.255 m Ulna Radiusa 0.0055 m
Poisson Ratio 0.5

aDimensions are calculated from the table of human anthropometry for a 1.8 m height individual (1).



Supplementary Note 2.1 — Isometric static testing: force–length charac-
teristics
A static muscle force output can be decomposed into two components—active (Fact) and pas-
sive (Fpass, due to pure visco-elastic mechanics) forces—which in general depend on muscle
elongation (η = l/l0, where l and l0 are the current and initial muscle lengths). We first model
the quasi-static force output (only function of η) based on experimental isometric data (Main
Fig. 1c). In the isometric test, force output is measured when the muscle performs a maxi-
mum voluntary contraction (MVC) with its length held constant. As illustrated in Main Fig. 1c,
the maximum output force (Fmax = σmaxA, where σmax denotes maximum intrinsic contractile
stresses and A the muscle cross-section at rest) occurs for a non-elongated muscle (η = 1).
From Main Fig. 1c we see that fact(η) = Fact/Fmax decreases with shortening or extension. For
η ≤ 1, the overall muscle force consists of only Fact since the parallel elastic component of
the membrane wrapped around the muscle fibers is in a slack mode and tension only begins
to grow non-linearly for η > 1 (1). We model this parallel elastic mechanism by construct-
ing a piecewise continuous Young’s modulus function Emembrane(η) of the filaments that reflects
this behavior. The two functions fact(η) and Emembrane(η) are then empirically determined via a
least-squares fourth order polynomial fit of the in vivo measurements (14) of Main Fig. 1c. The
muscle’s quasi-static force output is thus expressed as Fqs(η) = Fact + Fpass, where the passive
elastic response Fpass directly depends on Emembrane(η) (details can be found in Supplementary
Note 7).

We then implement these functions into a complete muscle–tendons unit and, to confirm
our model behavior against physiological data, replicate in silico the isometric test of (14). In
order to perform the test in silico, we initialize our simulated muscle at rest length (η = 1) and
prescribe different external forces Fset (inset of Main Fig. 1c). The simulation then evolves the
biomechanical system dynamically from η = 1 to its equilibrium state (i.e. until the muscle
no longer changes in length). The output of the simulation—final equilibrium length of the
muscle—is then measured. We note that for measurements of cases with η > 1, we numerically
prescribe an additional stretching force on top of Fset so that the muscle initially elongates.
We then smoothly decrease the additional force to zero, thereby allowing the system to reach
its equilibrium state such that Fset = Fqs, at which we measure the final length. We can then
reconstruct the overall muscle Force-Length curve, which provides a good approximation to the
experimental muscle behavior (Main Fig. 1c). This static characterization provides the basis for
the more challenging dynamic test in the following.

Supplementary Note 2.2 — Isokinetic dynamic testing: force–velocity char-
acteristics
In a dynamic setting, muscle viscosity causes the velocity-dependent force output to be smaller
than its isometric counterpart during length-changing actuation. Isokinetic exercises, which
require muscles to perform MVC at constant speed, characterize this behavior. In the experi-



ment conducted in (15), a human subject performs maximal isokinetic concentric elbow flexions
pushing on a mechanical device that limits the joint angular velocity to a constant, preset value,
and muscle torques are measured by an isokinetic ergometer at the joint angle of 60◦ (corre-
sponding to a η = 0.85 contraction, Main Fig. 1b). From this, given the joint geometry, muscle
contraction forces can be estimated. Then, as illustrated in Main Fig. 1d, by varying the angular
velocity the bicep dynamic output can be determined. In the figure, six different exercises are
reported, each one of them performed twice, once in the morning and once in the evening, thus
providing a variational range (15).

In our simulations we characterize the damping effects due to muscular viscosity by spec-
ifying the internal dissipation rate of the filament. The internal dissipation is modeled as
damping forces acting along rods Fd = ζε̇ where ε̇ is the strain rate, and ζ(v) is a damping
coefficient, so that the dynamic muscle output reads Fm = Fqs − Fd. The maximum iso-
metric force Fmax (and contractile stress σmax, corresponding to the peak of the curve in Main
Fig. 1c) is determined from the isokinetic test at zero angular velocity—effectively a static test
(Fmax = Fqs(0.85)/fact(0.85)). We then consider six simulation cases in which the radius and
ulna angular velocities are constrained (via Neumann boundary conditions at their extrema) to
replicate in silico the experimental setup of Main Fig. 1d. The unknown values of ζ are then
empirically determined to match simulated (a complete isokinetic flexion is illustrated in Main
Fig. 1b) and measured torque outputs. Finally, to confirm that the obtained ζ are physiologically
meaningful, we compare with theoretical estimates (16) derived for the Hill model (derivation
presented in Supplementary Note 7) and observe that the estimated ζ determined from our sim-
ulations is consistent with theoretical calculations (Main Fig. 1d).

In summary, we virtually reconstructed a 3D replica of a human elbow joint and, by taking
advantage of isometric and isokinetic tests, modeled individual muscle units actuation so as to
realistically reproduce the dynamic and morphological behavior of this system. This calibra-
tion/validation study exemplifies our approach to modeling living muscle actuation and serves
as a basis for a variety of potential biological and engineering investigations.

Supplementary Note 3 — Hydrodynamic loads via slender body
theory
When a body (i.e. swimmer) operates in a flow regime characterized by small Reynolds number
(i.e. Re � 1), we capture the hydrodynamic forces per unit length (fH) via slender body
theory (17) as

fH = − 4πµ

ln(L/r)

(
I− 1

2
tTt

)
v, (1)

where µ denotes the dynamic viscosity of the fluid, L and r are the length and radius of the
swimmer, v and t denote respectively the local velocity and the tangent vector along the body,
and I represents the identity tensor.



Supplementary Note 4 — Bottom-up approach: optimizing in-
creasingly complex architectures.
The section in the main text relative to limbless locomotion in this work aims at illustrating how
our model (combined with an optimization procedure) can help to synthesize biological design
principles into an engineered device. As such, here we are not so much concerned with the full
replica of a real animal (that is the objective of the wing section) or in identifying what exact
muscles are critical to a certain gait. Rather, we are interested in distilling general architectural
principles or motifs that can be broadly applied in engineering. Because of the emphasis on
generally applicable design principles instead of biological detail, we adopt a species-agnostic,
bottom-up approach which relies on systematically introducing complexity to a minimal system
(as opposed to removal from a complete system in a top-down approach (18)). In the following,
we show how the progressive additions of muscle groups affects the snake gait. We empha-
size here the subtle, yet critical role of optimization: indeed, this allows us to fairly compare
progressively more complex models, by identifying their best performance.

As mentioned in the main text, we hypothesize that smooth and fast forward slithering mo-
tion can be obtained by a small number of overlapping actuators coupled to a flexible backbone.
Following that, we first establish a benchmark for comparison. Independent of snakes’ inter-
nal anatomy, we know from experimental observations that snakes are able to achieve nearly
continuous actuation. Then, if we are not interested in how muscle arrangements lead to this, a
simple way to model a snake is to consider it as a slender elastic body actuated via a continuous
torque planar wave. Targeting fast gaits, the shape of this function (the torque wave) can be
determined via CMA-ES to maximize speed. The obtained torque function is the result of thou-
sands of simulations guided by an evolution scheme until no further improvement in forward
speed is observed. This continuum model, despite its simplicity, represents the upper bound in
terms of attainable speed and gait smoothness: indeed, from a mathematical perspective, the
obtained torque profile is a C∞ function, i.e. a function infinitely smooth and differentiable, and
as such, it allows for the greatest level of control (torque prescribed at each infinitesimal cross
section). Biological snakes clearly approach this limit. Thus, the optimized continuum snake
establishes a computational reference, but it does not tell us anything about how muscular ar-
rangements work. The goal is then to generate increasingly complex muscular snakes, and test
whether they can approach the reference’s speed and kinematics, and whether muscle overlap
naturally arises as a critical architectural feature.

We start by considering the simplest possible muscular architecture in which only one
muscle–tendon pair (i.e. two equal antagonistic muscle–tendon groups) is included in the snake
model. Depending on where the pair is located along the body, its span and actuation, different
gaits can be achieved. Then, we ask CMA-ES to identify these parameters so that the one-
muscle snake can move as fast as possible. The solution found is illustrated in the first column
of Supplementary Fig. 2. As immediately noticeable, and expected, this architecture is simply
incapable of reproducing the reference gait and speed.
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Supplementary Figure 2. Optimized designs for snakes equipped with different number of muscle pairs (increasing



from left to right) detailing the (a) gait envelopes, (b) center-of-mass positions at t = 3s and the corresponding
average forward velocities (inset), and (c) optimal muscle arrangements and span across vertebrae as well as the
peak contraction forces of these muscles.

Next, we add complexity by introducing a second muscle pair. Again, we let the optimizer
determine the two-muscle architecture muscular layout and actuation parameters, so as to max-
imize forward speed. As can be seen in the second column of Supplementary Fig. 2, the snake’s
speed improves and the gait starts resembling the reference’s one. We also note that the op-
timizer finds on its own a solution in which muscles overlap (in Supplementary Fig. 2c each
line in the plot represents a muscle–tendon group pair: the line indicates the span and location
across vertebrae (x-axis), while its y-position is the peak muscle force). We refer readers to the
exploded rendering based on a four-muscle model in Supplementary Fig. 3c for better visual
intuition. We note that muscle-overlapping is not built into the model nor the optimization. The
optimizer spanned candidate solutions with both overlapping and non-overlapping muscles and
found the former design to be most effective in terms of locomotion speed. This procedure
highlights the importance of using an optimization method to fairly compare different architec-
tures according to the same standards: indeed, within the class of one-muscle and two-muscle
architectures, we identified the configurations that produce the fastest gait, and compared those.
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Supplementary Figure 3. (a) Full assembly of a four-muscle snake which exhibits characteristics of (b) overlapping
arrangements in the muscle–tendon groups that each span 30-40 vertebrae. (c) An exploded view of the snake’s
muscular architecture illustrates the muscle–tendon pairs’ position relative to the snake’s skeleton, providing visual
clarity of the overlapping arrangement.

We then keep increasing the number of muscles to three, four, five and so on to see how
the architecture evolves together with the associated speed and gait kinematics. Supplementary
Fig. 2 illustrates this process. As can be seen, as the number of muscles increases, the solutions
identified by CMA-ES tend to approach the speed and gait of the reference one, as well as
closely resemble experimentally observed gaits (Fig. 3e in the main text). The effect of adding
muscles becomes less and less conspicuous, and plateaus after four muscles, hence our choice
in the demonstration presented in the main text. Supplementary Fig. 3 illustrates an exploded



view of the four-muscle snake architecture (the same snake illustrated in Fig. 3g in the main
text), providing visual clarity in the overlapping of muscles–tendon groups.

The procedure above shows that indeed a few simple actuators can produce fast, smooth
gaits, and muscle overlapping naturally emerges as a favorable solution. Indeed, by scanning
through all generated solutions, we observe that non-overlapping arrangements consistently
underperform overlapping ones, with top speed degradation ranging from ∼25% to ∼60%.

Supplementary Note 5 — Numerical modeling of feathered
wing

Supplementary Note 5.1 — Modeling of barbs in a feathered wing
In the feathered wing example in the main text, we model the geometrical and material prop-
erties of the rachis so that its bending stiffness corresponds to those found in nature (19). This
is difficult to do in the case of barbs. Indeed, the number of barbs differ significantly between
species and between feathers within a species (20). Moreover, barbs interlock with one an-
other to increase their effective stiffness (21). In view of all these difficulties, we adopt an
engineering approximation and lump 5 biological barbs into a single computational one . The
properties of our computational barb are chosen so as to conserve the wing area (22) and the
estimated aggregate bending stiffness (chosen to be 5 times larger than the numbers reported
in (21)). The geometrical and mechanical properties of the feathered wing example are given in
Supplementary Table 2.

Supplementary Table 2. Geometrical and mechanical properties of the feathered wing.

Parameters Values Parameters Values
Number of feathers 19 Feather length 8.4− 18 cm
Rachis density 0.0025 g cm−3 Rachis radius 1 mm
Rachis bending stiffness (EI) 5.04 N ·mm2 Barb density 0.0025 g cm−3

Barb radius 0.6 mm Barb bending stiffness (EI) 0.651 N ·mm2

Number of computational barbs 200 Total wing area 650 cm2

Poisson Ratio 0.5

Supplementary Note 5.2 — Approximation of aerodynamic loads on a feath-
ered wing
We approximate the effect of the environment on the wing structure via a reduced order model
in which the drag for FD scales quadratically with the local body velocity as

FD = −
(
1

2
ρ|v|2CdA

)
· v

|v|
(2)



where ρ is the air density, v is the local body velocity, Cd = 1.2 denotes the drag coefficient (as
determined in (23) for smooth cylinders) and A is the cross-sectional area of each filament that
forms the feather. We also note that the drag coefficient remains fairly constant in the Reynolds
regime (500–10000) relevant to takeoff flight mode of the wings. We are fully aware that
this simple model cannot capture the complex unsteady aerodynamics associated with flapping
flight. Nonetheless, it provides a preliminary estimate. We underscore the qualitative character
of this specific demonstration.

Supplementary Note 5.3 — Modeling assumptions
The full-scale modeling of the feathered wing is a numerically challenging and demanding
problem, as it consists of a complex interconnect between multiple, disparate components. All
these components dynamically interact with each other and the environment, across multiple
length and time scales. Moreover, biological wings entail a number of components that are not
included in our simulations such as, for example, flesh, skin, connective tissues and secondary
muscles. In addition to that, during wing flapping, birds can leverage feedback control strategies
so as to dampen out undesired mechanical modes that may arise. To qualitatively account for
some of these effects, our wing model relies on the following set of modeling assumptions.

• Effect of gravity. We ignore the effect of gravity in the wing simulations. This assumption
follows from the absence of most of the dense biological components (such as flesh,
connective tissues, etc.) in our computational model. These components are estimated
to have the largest effect on the system outcome due to gravity. Furthermore, gravity
represents a constant force offset throughout the duration of the simulation. Hence we
expect it, at the leading order, to only quantitatively shift the forces exerted by our muscles
without changing the character of the kinematics of the wings.

• Joints in the bone–rachis–barb assembly. Our wing model assembles multiple, disparate
components—ranging from stiff, low-mass and low-density barbs to soft, highly flexi-
ble muscles—into a single biologically aggregated entity. Owing to the wide range of
time-scales inherent in such dissimilar components, our numerical system demonstrates
stiffness in temporal integration, constraining the allowable (stable) time-step to unfeasi-
bly small values (∼ 10−10 s). Upon further investigation, we identify that the rachis–barb
assembly contributes predominantly to this numerical stiffness, due to their high Young’s
modulus, low density, thin geometry and high accelerations they are subject to.

To overcome these numerical limitations, for the rachis–bone connections, we employ a
modified version of the fixed joint presented in the main text. In this variant, the penalty
forces that enforce physical connections are computed as in the fixed joint case, so that
loads are exchanged among the rods. However, feedback torques (rachis to bone) are not
calculated, but rachis’s orientation is constrained to move kinematically with the bone.
This is achieved computationally by imposing the frames of the rachis’ connecting el-
ement to match the orientation of the connected element of the bone. Adopting such a



joint effectively filters out fast time-scales associated with the rachis in our system, as
we discount torque calculations while computing and transferring forces. The choice of
such a joint is not arbitrary, but is biologically motivated by the fact that remiges (primary
and secondary feathers) are anchored to the bones through stiff ligaments, and are hence
forced to effectively move kinematically.

The rachis–barbs connections are the numerically stiffest components in our model due
to their extreme light weight and thin structure combined with their large Young’s mod-
ulus and the high accelerations that they experience (the highest in the entire system).
We then take a similar approach as above. Barbs connection orientation is kinematically
constrained to the rachis, and force loads are transferred from the rachis to the barbs. The
response force load from the barbs to the rachis is then computed as a linearly decaying
(along the rachis from base to tip) sum and directly transferred at the base of the rachis
to the bone. The linear decay has been modeled based on the minimal study of Supple-
mentary Fig. 4, which shows how loads applied at different locations along the rachis are
“felt” less and less at the base of the rachis itself as they are applied closer and closer to
the tip of the beam. This is only true in a dynamic setting and for the time scales charac-
teristic of wing actuation. In a static setting, the load at the base would be of course the
direct sum of all forces applied along the beam.
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Supplementary Figure 4. (a) A minimal cantilever-beam setup of a rachis of length L connected to the bone (wall).
We mimic the aerodynamic forces of a barb using a transient point force F at some length LF and measure the reac-
tion forces Fm at the wall. This force F is (b) ramped linearly from 0 to 1 (non-dimensionalized) within some time
δ chosen here to be 0.5tm, where tm corresponds to the time of measurement. This choice of δ realistically mod-
els the time-scale of barb motion, being less than 0.25T (corresponding to maximum wing-loading/displacement)
while being much greater than the elastic-wave time-scales(0.001T ). We record the induced reaction forces at
some time tm, which (c) varies between 0.25T to 0.5T (which approximately correspond to the time scales that
dominate the bone joint angles dynamics). These non-dimensional induced forces are then reported against varying
barb position LF/L at these two extreme instants, depicted as red (tm = 0.25T ) and blue (tm = 0.5T ) symbols in
this figure. Squares indicate instantaneous force measurements (non-dimensionalised against peak F = 1) while
diamonds indicate average force measurement from t = 0 to t = tm (non-dimensionalised against the area under
F − t curve). The force response demonstrates a near-linear decay with increasing barb length, which we then feed
into our full-scale wing model.

Numerically, the above described connections relax the fastest time scales, rendering our
simulations feasible. Moreover, they allow to account for force loads experienced by



the feathers and their impact on the wing bone structure and dynamics. On the other
hand, physically, they also have the effect of filtering out some of the associated torques.
The justification of this approximation stems from the nature of aerodynamic forces and
the structure of the computational wing. A bone–rachis–barb system is constrained to
move only in one plane due to the elbow joint connection. The torques generated by the
aerodynamic loads predominantly act out of this plane—such torques are balanced out
internally by the elbow joint. Hence the dynamics of the bone–rachis–barb system is itself
not significantly affected whether or not such torques are accounted for. The elbow joint
in turn propagates all such out-of-plane torques as a torsional component to the spherical
shoulder joint. Thus, this effect is not accounted for. Nonetheless, (1) these torques
are a second-order effect relative to the ones generated by muscle contractions, and (2)
in avians the shoulder-humerus connection is not perfectly spherical, and rotations are
attenuated and additionally constrained by the surrounding connective tissue. Moreover,
in real birds, muscle contraction adjustments are executed via feedback control so as to
correct for torque fluctuation.

Therefore, the above approximations prevent numerical stiffness in our wing setup, ren-
dering simulations possible, while still capturing the most salient traits of the underlying
biophysical behavior. Moreover, if one chooses to avoid such approximation and fully re-
solve the temporal scales computationally, several potential numerical approaches exist.
Implicit time integration schemes and local time-stepping (LTS)/multi-rate time-stepping
schemes are two such techniques that can be employed to counter stiffness issues. Their
feasibility, efficiency and accuracy in integrating the dynamics of assembled Cosserat
rods is an area of active research that we are currently pursuing.

Supplementary Note 5.4 — Close-up visualization of feathered wing
In order to provide enhanced clarity in visualizing the wing muscular arrangement, we present
here a close-up view from multiple perspectives in Supplementary Fig. 5.

Supplementary Note 6 — Impact of twist and shear modes and
potential opportunities
Here we highlight the importance of capturing twist and shear modes in complex systems.
While the role of twist and/or shear can be easily predicted a priori for simple problems (e.g.
axial stretching of an elastic rod does not introduce any twist or shear), their significance in
more complex architectures comprising multiple elements (i.e. different geometries, mechani-
cal properties, orientation, etc.) interacting non-linearly among one another and with uncertain
environments (i.e. uneven terrain, turbulent flows, etc.) are often less intuitive.

In each of the following demonstrations, we perform numerical twist-hardening, shear-
hardening, and both twist- and shear-hardening experiments, wherein we adjust the material
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properties affecting shear and twist accordingly. Then, we record system outputs and compare
them with the original result (no artificial hardening) to highlight the individual and simultane-
ous effects of twist and shear. In some instances, we also comment on the effects of softening
twist and shear. We perform these studies on the architectures discussed in the main text (el-
bow joint, swimming robot, walking robot, soft snake, and feathered wings). Moreover, two
additional demonstrations are introduced to highlight the potential opportunities relative to the
deliberate use or modulation of twist and shear specifically.

Supplementary Note 6.1 — The human elbow joint
We first consider the human elbow joint (Supplementary Fig. 6a) and test the individual and
simultaneous effects of twist- and shear-hardening. Since the bones are mainly stiff structures,
we only perform twist- and shear-hardening for the muscle and tendons. We simulate the elbow
flexion (Supplementary Fig. 6a) and compare the time-varying joint angle for different harden-
ing configurations in Supplementary Fig. 6b. As can be seen, neither individual nor simulta-
neous hardening of twist and shear affect the dynamic system outcome. This is not surprising
given that the muscle contractions only act axially along the biceps brachii, and the elbow mo-
tion is constrained in the plane identified by the bone structure. Therefore, the problem retains



its original nature, and no twist and/or shear deformation modes are introduced. These tests
help us rule out the potential introduction of numerical artifacts: indeed shear and twist stiff-
nesses are artificially increased by several orders of magnitudes and no spurious oscillations or
instabilities arise.

In the next study case, we illustrate instead how the use of twisting modes may represent
an opportunity. Twist in fact is modulated in the form of artificial muscles, that can be used as
assistive devices to recover normal joint flexion when the muscles are weakened or injured.
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Supplementary Figure 6. (a) The full assembly of an elbow composed of bones (humerus, ulna and radius—
purple), muscles and tendons (biceps brachii—yellow/red). The original muscles (E = 10 kPa, G = 2E/3) are
hardened for twist and shear by a factor of 10000 (i.e. 10000G). The original tendons (E = 500 MPa, G = 2E/3)
are hardened for twist and shear modes by a factor of 10 (i.e. 10G). (b) Resulting time evolution of joint angle
for hardening twist (blue), shear (red), and both twist and shear (green) are compared with the original elbow
performance.

Supplementary Note 6.2 — Rehabilitation using artificial, assistive muscles
Here we put into context the role of twist in complex architectures relative to our well-validated
elbow joint case via the assimilation of twist-based artificial muscles. This demonstration also
serves to further highlight the robustness and versatility of our modeling approach and showcase
its ability to address patient-specific kinesiological needs. We consider the following setting of
human arm rehabilitation, wherein we integrate biological and artificial components. We repli-
cate the human arm-elbow setup (Main Fig. 1a), and mimic an injury/fatigue to the biceps by
impairing its constriction (modeled numerically by rendering some fibers passive). To regain
functionality of the arm, we enhance the impaired biological muscle with an external artificial
muscle (shown in Supplementary Fig. 7a below), modeled as a soft (i.e. stretchable), highly
twisted Cosserat filament. This device can generate longitudinal contractile forces by releas-
ing stored twist into stretch and is inspired by the mechanical response shown be highly-coiled



fishing lines of (24, 25). The twist release in our simulations is achieved using the same mech-
anism as (26) (which mimics the experimental release mechanism of running a thin electric
wire along the soft coiled element: upon heating, the radius of the coil expands, releasing twist
which in turn is converted to contraction), shown in Supplementary Fig. 7d. We refer the reader
to (26) for more details on the underlying physical mechanism and numerical implementation
details, and note that the kinematic and material parameters used in this study are detailed in
Supplementary Table 3.
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Supplementary Figure 7. Rehabilitation of a human elbow: (a) While an injury to our elbow joint setup impairs its
ability to generate forces and hence lift a weight, it can be compensated for by applying external artificial muscles
which provides restoring forces by releasing internal twist. The magnitude of these restoring forces is modulated
by the rate of twist release. We show this by plotting the (b) elbow angles and (c) artificial muscle forces for three
different release rates (dotted, dashed and solid lines). For reference, the healthy (100% strength) and injured (50%
strength) cases are also depicted in the former. (d) Shows the release of twist (black lines, represented by internal
curvature k3), achieved by increasing the filament radius (blue lines) for the case of highest twist release. (Inset)
shows the structure of the artificial muscle at different instants.

As the artificial muscle shortens, it effects an end force over the contractile time interval.
The magnitude of this force can be modulated by the rate of twist release—more force is gener-
ated the faster we release twist. This is shown in Supplementary Fig. 7c, with twist release rate
(and hence forces) increasing in the direction of arrows. We leverage these contractile forces
for enhancing the functionality of an injured/fatigued arm, for cases where it fails to perform
satisfactorily. One such scenario is shown visually in Supplementary Fig. 7a. A healthy elbow



Supplementary Table 3. Geometrical and mechanical properties of the Artificial Muscle (AM)a.

Parameters Values Parameters Values
AM E 30 GPa AM density 1.67 g cm−3

AM initial filament radius a 0.005 m AM helix radius r 0.01 m
AM initial core length L 0.425 m AM initial number of turns n 9
Poisson Ratio 0.5

a Muscle, Tendon and Bone parameters are retained from Supplementary Table 1.

is shown to be able to lift a weight placed at the end of the radius, while an injured one (50% less
contractile stresses) cannot do so. To quantitatively measure muscle performance in this case,
we track the elbow angle with time, with the healthy muscle attaining higher elbow angles than
the injured one as shown in Supplementary Fig. 7b. Upon enhancement with artificial muscles,
and by modulating the rate of twist release, we can obtain desired lifting performance so as to
approximately match the patient’s needs.

This demonstration of rehabilitation underscores the importance of capturing bend, stretch,
twist and shear physics in a general setting, and the ability of our numerical approach to do so,
thereby addressing patient-specific needs.

Supplementary Note 6.3 — Cell-powered swimming flagella robot
Here we consider the bio-hybrid cell-powered swimming flagella robot of (27) and model a
one-to-one computational replica (Supplementary Fig. 8a) with the same properties as those
used in the main text. Then, we perform twist- and shear-hardening for the entire structure (cell
and substrate) and compare the forward displacement of the swimmer’s center of mass for the
different hardening configurations as illustrated in Supplementary Fig. 8. As can be seen, twist-
and shear-hardening do not affect the swimmer’s performance. This makes physical sense for
several reasons. Firstly, the particularly thin structure of the swimmer is barely susceptible to
any shearing effects to start with. Indeed, shear becomes less and less relevant for thinner and
thinner beams. Secondly, the cell-powered actuation produces a highly-localized torque which
causes only in-plane bending, and no element in the structure or in the (very viscous) fluid
environment breaks the 2D symmetry of the system to excite any 3D motion that may lead to
twisting or shearing. Thirdly, the swimmer operates in the Stokes flow regime (Re ∼ 10−2), a
viscous environment which dampens all deformation modes rather than exciting them.

Supplementary Note 6.4 — Bio-hybrid walking robot
Here we consider the walker design of (28) with twist- and shear-hardening of the entire struc-
ture (muscle and scaffold) and compare walking performances. As can be seen in Supplemen-
tary Fig. 9, both twist- and shear- hardening significantly affect the walker’s forward displace-
ment, with speed varying up to ∼43% between the fastest (shear-hardened) and the slowest
(twist-hardened) walker. We relate this to the slip-and-stick nature of surface friction and con-
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Supplementary Figure 8. (a) One-to-one computational replica of cell-powered swimmer of (27). Both the original
contractile cell (yellow, E = 30 kPa, G = 2E/3) and the substrate (purple, E = 3.86 MPa, G = 2E/3) are
hardened for twist and shear by a factor of 100 (i.e. 100G). (b) Resulting time evolution of the swimmer’s center
position for hardening twist (blue), shear (red), and both twist and shear (green) are compared with the original
swimmer performance.

tact, which produces three-dimensional, localized, intermittent and impulsive forces. Thus, this
environment has the tendency to excite all deformation modes instead of dampening them as
in the case of viscous fluids, thereby introducing (or magnifying) the twist and shear modes
in the structure. Shear modes in particular (red curve in Supplementary Fig. 9b) are found to
play an important role. We know from Timoshenko beam theory that shear causes a beam to
deflect more than bending alone. This, translated in our walker setup, causes the local normal
forces exerted by the walker on the substrate to be modulated differently in the shearable and
unshearable cases, leading to different speeds. This is in agreement with biological (29) and
robotic (30) studies in which friction manipulation is highlighted as a key factor in locomotion
performance. For example, snakes lift part of their bodies to modify their grip on the ground.

Then, in the next demonstration, we further exemplify the role of twist and shear in mod-
ulating friction in our snake models, showing how these modes can affect performances both
qualitatively (fail or success in overcoming terrain features) and quantitatively (different for-
ward speeds and kinematic envelopes).

Supplementary Note 6.5 — Soft, limbless, slithering snakes
We now consider the continuum soft snake model of (31), whose muscular actuation is de-
scribed by a continuous torque function along its body (Supplementary Fig. 10a), and perform
twist- and shear-hardening experiments (details in image caption). The snake’s center-of-mass
position are compared between these different configurations in Supplementary Fig. 10b. The
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Supplementary Figure 9. (a) One-to-one computational replica of bio-hybrid walker of (28). The original muscle
(yellow, E = 10 kPa, G = 2E/3) is hardened for twist and shear modes by a factor of 10 (i.e. 10G). The original
scaffold (purple, E = 319.4 kPa, G = 2E/3) is hardened for twist and shear modes by a factor of 10000 (i.e.
10000G). (b) Resulting time evolution of the walker’s displacements for hardening twist (blue), shear (red), and
both twist and shear (green) are compared with the original swimmer performance.

resulting trajectories (Supplementary Fig. 10b) exemplify that twist and shear indeed affect the
undulatory gait, both in terms of forward speed (up to 10% differences) and the lateral gait
displacements (Supplementary Fig. 10c) which are found to differ by as much as 60%. These
differences in slithering performance again relate to the local normal forces that are modulated
differently (as also observed in the walker case above) due to differences in shearability of the
snake.

In the next study case, we further highlight the role of twist, and shear in particular, in
slithering gaits when the environment is uneven, thereby introducing terrain features. This
is perhaps the most striking example on the importance of shear among the proposed set of
investigations.

Supplementary Note 6.6 — Snakes slithering on uneven terrain
We further focus on the effects of shear in a slithering snake by casting it in an environment
where three-dimensional deformations are important. Indeed, so far we have considered snakes
propelling on perfectly flat surfaces. Now we introduce terrain features, so as to give promi-
nence to the out-of-plane (i.e. 3D) shear mode. Then, we perform a proof-of-concept study in
which the barrier shown in Supplementary Fig. 11 is considered, thereby challenging the snake
to overcome the effect of gravity up the slope. We then consider snakes with and without shear
hardening actuated by a continuous torque profile, similar to (31). Due to the difference in com-
pliance of these snakes, we expect them to conform to the shape of the substrate differently, thus
affecting their contact with the ground. Since limbless locomotion relies crucially on friction
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Supplementary Figure 10. (a) Continuum soft snake model of (31). The original snake’s skeleton (E = 10 MPa,
G = 2E/3) is hardened for twist and shear modes by a factor of 25 (i.e. 25G). (b) Resulting center of mass
position of the snake for hardening twist (red), shear (blue), and both twist and shear (green) are compared with
the original snake’s slithering performance. (c) Comparison of gaits and lateral displacements between hardened
(left) and original (right) slithering snake (Scale bar, 0.2L).

modulation, we hypothesize that these snakes would exhibit different behaviors.
Indeed, when testing these snakes in this environment (Supplementary Fig. 12), we see

that the hardened snake (blue) manages to slither up the slope barrier successfully, while the
one without hardening (red) cannot. Hence, the presence or absence of shear determines the
difference between success and failure. Upon comparing the snake centerline trajectories at
different temporal snapshots (Supplementary Fig. 12), we see that shear hardening of the snake
(hence, making it less compliant) results in uneven contact with the substrate while slithering
up (see Supplementary Fig. 12 at 7.5T). This uneven contact in turn modulates net frictional
forces (both propulsive and opposing) for successful locomotion over the barrier. This is again
consistent with the biological observations of (29) where snakes lift part of their bodies to
modulate friction, thus locomotion.

This study then demonstrates dramatic qualitative differences in the system outcomes (suc-
cess/failure in overcoming barrier) when shear is accounted for. This particular scenario, under-
scores the risk of designing a robotic snake using for example the Kirchhoff rod model. Indeed,
unless specific precautions are taken, soft robots are made of shearable materials (30). Thus, the
Kirchhoff model would under-predict the snake compliance, hence it would not detect problems
in climbing up the slope. In contrast, the actual, shearable robot will struggle and potentially
fail. In this specific instance then, the use of Cosserat rods is more appropriate for actual engi-
neering design, as they will be able to detect the problem and inform roboticists on the need to
account for it.

We conclude by noting that this proof-of-concept study points to a detrimental effect of
shear. Nonetheless, there might be cases in which more shearable materials might help, de-
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Supplementary Figure 11. Uneven terrain setup (in the x − z plane) demonstrating the effects of shear and twist
hardening on the trajectory of a snake actuated with a continuous torque profile. The setup consists of two half-
planes at z = 0 and z = 0.2. These planes are connected by a sloped barrier, which is the polynomial function
described by z = −0.4 (x− 3)

3
+0.6 (x− 3)

2 for 3 ≤ x ≤ 4, chosen for C1 continuity with the half-planes at the
line of intersection, while also being symmetric about x = 3.5. The barrier is placed at a sufficient distance from
the initial position of the snake (0, 0, 0) to account for initial startup transience.

pending on the context and envisioned tasks. In our opinion, this is a telling example, and
opens up a new avenue of investigation which we will pursue in the future.

Supplementary Note 6.7 — Feathered wings
Here we consider the wing from the main text, and test the potential impact of twist and shear.
We start by hardening twist and shear mode of the muscles, tendons and feathers of the wing
and compare output kinematics of the three joints. As can be seen in Supplementary Fig. 13,
hardening both twist and shear modes by a factor of 10 quantitatively alters the resulting kine-
matics of the wing, although not significantly (up to∼3% maximum difference in joint angles).
We also note that no change is observed in the kinematics upon further hardening (we tested 25,
50 and 100 times hardening factors).

These small changes were surprising at first, as we expected the complexity of this structure
to amplify the role of shear/twist. Nonetheless, the particular geometries and materials of the
various elements justify this outcome. Indeed, bones are effectively rigid objects given their
high Young’s modulus (the highest among all elements), thus further hardening does not change
their behavior. Barbs and rachis are made of stiff materials too. Moreover, they are very thin,
rendering them less susceptible to shearing modes. A similar argument is valid for tendons as
well. Then, the most sensitive elements are the muscles. Nonetheless, the stiff tendons seem to
be able to keep them under sufficient tension, so that the effects of shear and twist are contained.
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Supplementary Figure 12. Snake locomotion on uneven terrain: We compare the trajectories of an unhardened
and shear-hardened snake across the uneven terrain of Supplementary Fig. 11. Hardening the shear and twist
by a factor of 100 (i.e. 100 × G) leads to different qualitative outcomes. While a shear-hardened snake (left,
blue) can overcome the sloped barrier given enough time, the unhardened snake (right, red) simply cannot do
so. The snapshots at different times demonstrate how the hardened snake lifts its body off the substrate thus
modulating frictional forces to overcome the effect of gravitational forces. The parameters for the non-hardened
snake used in this setup are listed below, where the quantities and symbols retain their definition from our main
manuscript and Gazzola et. al, 2018. We add that no static or rolling friction is considered in this setting. Settings:
length L = 1 m, radius r = 0.025 m, density ρ = 103 kg m−3, Tm = 1 s, Young’s modulus E = 107 Pa,
shear modulus G = 2E/3 Pa, shear/stretch matrix Ŝ = (4GÂ/3, 4GÂ/3, EÂ) N, bending/twist matrix B̂ =
diag(EI1, EI2, GI3) Nm2, dissipation constant γ = 5 kg m−1s−1), gravity g = 9.81 m s−2, forward kinematic
friction coefficient µf

k = 0.519, friction coefficient ratios µf
k : µb

k : µr
k = 1 : 1.5 : 2, ground stiffness and viscous

dissipation kw = 1000 kg s−2 and γw = 10−6 kg s−1, discretization elements n = 50, timestep δt = 1 · 10−5 Tm,
wavelength λm = 0.97L, torque B-spline coefficients βi=0,...,5 = {0, 17.4, 48.5, 5.4, 14.7, 0} Nm.

Hence, the observed small quantitative differences.
Then to test the above explanation, we reduced shear/twist stiffnesses (i.e softened) of the

muscle–tendon groups alone. The rationale being that by softening these elements, the overall
group tension might relax, thereby allowing the other modes to be excited. Thus, we softened
these modes by 5 times (half of the hardening test). As illustrated in Supplementary Fig. 13,
softening has a significant impact with up to∼60% difference in the observed kinematics. Here
we highlight the marked sensitivity of the system response to softening of key components such
as the muscle–tendon groups. Additionally, we note that individual twist-softening has an indis-
cernible effect, thus making shear-softening the primary contributor in altering the kinematics,
as can be seen in Supplementary Fig. 13.

In the context of bio-inspired flight, shear should then be an important consideration in



the engineering of feathered ornithopters. This is relevant given the recent focus in aviation
on low flight, low speed (relative to aeroplanes) devices, inspired by agile biological flyers
(32, 33). Thus, as new materials (34) that mimic naturally occurring structures are developed
and implemented in such devices, it is of use to engineers to know what elements are particularly
susceptible to the excitement of unwanted or desired deformation modes.
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Supplementary Figure 13. Resulting joint angles kinematics of the wing for different hardening/softening config-
urations as compared with the original. Here, the original wing muscles (E = 51.2 kPa, G = 2E/3), tendons
(E = 2.6 GPa, G = 2E/3), bones (E = 38.4 GPa, G = 2E/3) and feathers (E = 6.4 MPa, G = 2E/3) are all
hardened for twist and shear modes by a factor of 10 (i.e. 10G). For the softening case, these modes are decreased
for only the muscles and tendons by a factor of 5 (i.e. G/5).

Supplementary Note 6.8 — Summary
The examples in this Supplementary Note provide the physical rationale for enriching the family
of elastic rod models with an approach able to capture the dynamics of assemblies of Cosserat
rods in which all modes of deformations can be activated. As long as the architectural elements
are slender, this method is accurate and robust and allows us to quantitatively test the impor-
tance of various deformation modes, either ruling them out or quantifying their impact. Either



way, this will advance the understanding of a given system, potentially providing new design
opportunities.

Supplementary Note 7 — Parameters and Derivations
A nomenclature is presented in Supplementary Table 4 including parameters associated with
filament interactions and time and spatial discretization schemes in the validation case above,
and all three study cases in the main text.

Supplementary Table 4. Nomenclature.

Notations Parameters
dt Time Step
Tsim Simulation Time
nm/nt/nb/na Number of Elements in Muscles/Tendons/Bones/Artificial Muscle
nr/nba Discretization Elements in Rachis/Barbs
k Spherical/Hinge Joint Stiffness
kf Fixed Joint Stiffness
kc Rod Collision Stiffness
γc Rod Collision Dissipation

Supplementary Note 7.1 — The human elbow joint
• The material properties of all the components in elbow joint can be found on Supplemen-

tary Note 2, while the rest of the critical parameters needed for the simulation are given
in Supplementary Table 5.

Supplementary Table 5. Parameters for human elbow joint simulation.

Parameters Values Parameters Values
dt 5× 10−8 s Tsim 0.5 s
nm/nt/nb 14/7/15–20 k 5× 105 kg s−2

kf 5× 105 kg s−2 kc 10 kg s−2

• The polynomial fittings for the active muscular force factor fact(η) and the Young’s mod-
ulus of the parallel elastic component Emembrane(η) are written as

fact(η) = 6.405η4 − 24.42η3 + 29.64η2 − 12.01η + 1.385 0.5 ≤ η ≤ 1.6

Emembrane(η) =

{
0, η < 1

Fmax
A
·
(
3.375η3−11.33η2+13η−5.05

η−1

)
, η ≥ 1

(3)



The muscle’s quasi-static force output Fqs(η) can thus be expressed based on the fitting
equations as

Fqs(η) = Fact + Fpass = fact(η) · Fmax + Emembrane(η) · A · (η − 1), (4)

where the last term takes care of the changes in cross-sectional area of the filament.

• Theoretical solution of ζ(v) is derived from the Hill’s Force–Velocity relation (16), which
indicates that the dynamic force output F (v) can be related to the isometric quasi-static
force Fqs via (F (v) + a)(v + b) = (Fqs + a)b where a and b are constants related by
b = av0/Fqs with v0 denoting the maximum contracting velocity. Assuming F (v) =
Fqs − ζ(v)v/l0 (i.e. quasi-static minus damping force, recalling that v/l0 = ε̇), then:

ζ(v) =
(Fqs + a)Fqsl0
av0 + vFqs

. (5)

Given the parameters values Fqs = 1406.3 N (derived from the torque value in the static
test case), a = 0.16·Fqs = 225 N and v0 = 6l0 (experimentally determined in (16) and (1),
respectively), we can see how the estimated ζ(v) determined from our simulations are
consistent with theoretical calculations.

• The other parameters needed for the simulation of the arm with artificial muscles, in ad-
dition to the ones discussed before in Supplementary Table 3, are given in Supplementary
Table 6.

Supplementary Table 6. Parameters for simulation of human elbow joint with artificial muscles.

Parameters Values Parameters Values
dt 5× 10−8 s Tsim 0.7 s
nm/nt/nb/na 14/7/15–20/108 k 5× 105 kg s−2

kf 5× 105 kg s−2 kc 10 kg s−2

Supplementary Note 7.2 — Bio-hybrid robots
• The parameters for simulating the bio-hybrid flagella is listed in Supplementary Table 7.

Furthermore, the cell cluster is presented as a single filament in the simulation, whose
properties are also summarized in the table.

• The dimensions and the simulation parameters of the bio-hybrid walker are presented in
Supplementary Table 8. Details of the simulation could be found in literature (28).

• In the case of the bio-hybrid walker, we consider bots displacing in a shallow solution
that reaches the muscle tissue. As a consequence, the tissue is immersed and suspended
in the fluid (due to buoyant forces – density of muscles close to density of liquid). How-
ever, the scaffold is mostly exposed to the atmosphere so that we neglect buoyancy and
hydrodynamic loads acting on it.



Supplementary Table 7. Parameters for bio-hybrid swimmer simulation.

Parameters Values Parameters Values
dt 5× 10−8 s Tsim 6.5 s
nm/nb 2/18 k 0.38 kg s−2

Cell Length (35) 0.107 mm Cell Radius (35) 10 µm
Cell Densitya 2.6× 10−4 g mm−3 Cell Young’s Modulus (36) 30 KPa

aCell density is set to match the aggregate weight of cells given our modeling geometry.

Supplementary Table 8. Dimensions and simulation parameters for bio-hybrid walking bot.

Parameters Values Parameters Values
Length/Width/Height 14 mm/7 mm/3.5 mm Muscle Cross-sectional Area 0.648 mm2

Scaffold Young’s Modulus 319.4 KPa Scaffold Density 1.12× 10−3 g mm−3

dt 7.5× 10−8 s Tsim 10 s
nm/nb 24/5–14 k 5× 105 kg s−2

kf 50 kg s−2 kc 105 kg s−2

γc 10−6 kg s−1

• The muscle contractile stress σm = 1
γ
( Fm
Am

+ Emε
1−ε ) = 3.706 kPa, where ratio of active-to-

total muscle cross section area γ = 1, muscle output force Fm = 1.4 mN, muscle total
area Am = 0.648mm2 and muscle strain ε = 0.134 are characterized from experiments
(28). Muscle’s Young’s modulus Em = 10 kPa is found in Supplementary Table 1.

Supplementary Note 7.3 — Soft, limbless, slithering robots
• Biomechanical properties of muscles and tendons are adopted from the previous case.

Parameters for simulating the soft snake robot are presented in Supplementary Table 9.

Supplementary Table 9. Parameters for soft snake bot simulation.

Parameters Values Parameters Values
dt 2× 10−8 s Tsim 5 s
nm/nt/nb 4/5/100 k 5× 109 kg s−2

Ground Stiffness 1 kg s−2 Ground Damping 10−6 kg s−1

Kinetic Friction Coefficients Forward/Sideways/Backward 1/2/1.5
Static Friction Coefficients Forward/Sideways/Backward 2/4/3

Supplementary Note 7.4 — Feathered wings
• Parameters for simulating the feathered wing are listed in Supplementary Table 10.



Supplementary Table 10. Simulation parameters for feathered wing.

Parameters Values Parameters Values
dt 5× 10−8 s Tsim 0.51 s
nm/nb 7/10–12 nr/nba 8/4
k 5× 105 kg s−2 kf 8× 104 kg s−2

• Muscular forces for biceps (BC), scapulotriceps (ST), pectoralis (PECT), and supracora-
coideus (SUP) during initiation phase for simulation time 0 < t < 0.125 s in preparation
for downstroke configuration are prescribed as

Activity(t) =


0.0, 0 < t < 0.1250 s, BC
11.06 · sin (16πt) , 0 < t < 0.0625 s, ST
0.0, 0 < t < 0.1250 s, PECT
6.14 · sin (8πt) , 0 < t < 0.1250 s, SUP

(6)

• Different muscular forces for the full stroke cycle of takeoff wing motion based on EMG
signals from (37) are prescribed as

ActivityBC(t) =



9.83 · sin
(

2π

0.6579 · T
[t+ 0.0395 · T ]

)
, 0 < t < 0.1250 T

9.83 ·
(
1− 0.7 ·

[
t− 0.125 · T
0.1645 · T

])
, 0.1250 T < t < 0.2895 T

2.95 · sin
(

2π

0.6579 · T
· [t− 0.125 · T ]

)
, 0.2895 T < t < 0.4539 T

0, 0.4539 T < t < 0.9605 T

9.83 · sin
(

2π

0.6579 · T
· [t− 0.9605 · T ]

)
, 0.9605 T < t < T

(7)

ActivityST(t) =



0, 0 < t < 0.3816 T

3.28 · sin
(

2π

0.6579 · T
[t− 0.3816 · T ]

)
, 0.3816 T < t < 0.5461 T

3.28 ·
(
1− 0.35 ·

[
t− 0.5461 · T
0.1645 · T

])
, 0.5461 T < t < 0.7105 T

2.13 · sin
(

2π

0.6579 · T
· [t− 0.5461 · T ]

)
, 0.7105 T < t < 0.8750 T

0, 0.8750 T < t < T
(8)



ActivityPECT(t) =



7.37 · sin
(

2π

0.6579 · T
[t+ 0.0395 · T ]

)
, 0 < t < 0.1250 T

7.37 ·
(
1− 0.5 ·

[
t− 0.125 · T
0.1645 · T

])
, 0.1250 T < t < 0.2895 T

3.68 · sin
(

2π

0.6579 · T
· [t− 0.125 · T ]

)
, 0.2895 T < t < 0.4539 T

0, 0.4539 T < t < 0.9605 T

7.37 · sin
(

2π

0.6579 · T
· [t− 0.9605 · T ]

)
, 0.9605 T < t < T

(9)

ActivitySUP(t) =



0, 0 < t < 0.4079 T

7.37 · sin
(

2π

0.6579 · T
[t− 0.4079 · T ]

)
, 0.4079 T < t < 0.5724 T

7.37 ·
(
1− 0.6 ·

[
t− 0.5724 · T
0.1645 · T

])
, 0.5724 T < t < 0.7368 T

2.95 · sin
(

2π

0.6579 · T
· [t− 0.5724 · T ]

)
, 0.7368 T < t < 0.9013 T

0, 0.9013 T < t < T
(10)

where T = 0.38 s is the time period.
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