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Study on dinosaur locomotion mechanism based on mechanical functional morphology
of musculoskeletal system

by Kazuki ITO

Dinosaurs are terrestrial vertebrates with unparalleled diversification over 160 million years
of lineage. They range from bipedal to quadrupedal and from small to the largest species
in history, covering almost the entire diversity of legged terrestrial vertebrates in size. From
these points, the ultimate goal of this study is to construct a general design principle of
terrestrial locomotion that can be applied to diverse body sizes or locomotor types by un-
derstanding the locomotor mechanism of dinosaurs. Locomotion in terrestrial vertebrates
is emerged from the musculoskeletal system and interaction with the environment. The
skeleton supports the body, and the mechanical function of the muscular system maintains
the posture of the skeleton. The muscular system is composed of many elements, such as
muscles and tendons, and the active and passive functions interact to coordinate the move-
ment of the skeleton and realize locomotion. Therefore, it is important to clarify the essential
mechanism of dinosaur locomotion based on the correlation between the morphology and
mechanical function of the musculoskeletal system (this is called mechanical functional mor-
phology here). In many previous approaches to reconstruct the musculoskeletal system, the
muscular system has been estimated based on the morphological homology of extant sisters
of dinosaurs (e.g., crocodiles and avians). However, the mechanical significance of muscles
and tendons is unclear in estimates based on morphology alone. Therefore, in this study,
I proposed an approach to construct dinosaur locomotion based on the mechanical func-
tional morphology of the musculoskeletal system of extant sisters. First, in preparation, I
dissected extant sisters to hypothesize the fundamental locomotion mechanism. Next, I de-
veloped physical models of the musculoskeletal system of the dissected species and verified
the feasibility of the hypotheses. From this approach, I revealed the stance mechanism of
the crocodilian hindlimbs based on the passive coordination of the muscular system and in-
teraction with the environment. Furthermore, I revealed the mechanical backgrounds of the
Engage-Disengage Mechanism observed in the intertarsal joint of ratites. Finally, I attempt
to construct locomotion mechanisms by applying the mechanical functional morphology
of extant sisters to the dinosaur skeleton. As a result, I succeeded in realizing the stance
of the hindlimbs of the dinosaur skeleton based on the stance mechanism of a crocodilian
hindlimb. Through these approaches, I was able to construct dinosaur locomotion based
on the mechanical functional morphology of the musculoskeletal system. However, this
dissertation only clarified the stance mechanism of dinosaur hindlimbs, which is only the
beginning of the way to realize the terrestrial locomotion of dinosaurs.
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Chapter 1

General introduction

1.1 Introduction

Dinosaurs are one of the most successful groups of terrestrial vertebrates to have ever ex-
isted on Earth. They first appeared approximately 230 million years ago during the Tri-
assic period and flourished for approximately 150 million years, with over 1,000 known
species[1], [2]. Their morphological diversity ranged from bipedal to quadrupedal, and
they varied in size from small species weighing only a few kilograms to giants weighing
over 20 tons, such as Apatosaurus louisae, which had a length of 21 meters[3], [4]. In terms of
the maximum size, some dinosaurs surpassed even the largest extant terrestrial vertebrates,
such as the African elephant[5].

Dinosaurs also had diverse body shapes, including those with unique head structures
and those with exceptionally long necks and tails. For quadrupedal species, it is known that
the center of mass (the load supported by the front and rear limbs) also varied[6]. From a
locomotion perspective, dinosaurs appeared to possess versatile adaptations to their body
shapes, sizes, and walking modes. Furthermore, they likely evolved sophisticated locomo-
tor designs that adapted to the terrestrial physical environment over their long evolutionary
history. Suppose we could identify the design principle. In that case, it might be possible to
engineer locomotion systems capable of agile movement on land, applicable to a wide range
of body shapes and potentially advancing fields such as walking robotics. In addition, un-
derstanding the principles of dinosaur locomotion could lead to more accurate estimates of
their motion capabilities, which cannot be directly observed. Furthermore, a better under-
standing of dinosaur locomotion mechanisms provides valuable insight into the common
principle of terrestrial vertebrate locomotion, including extant and extinct animals.

In light of the above, the objective of this research is to elucidate the mechanisms by
which dinosaurs achieved locomotion.

1.2 Previous method

The locomotion of terrestrial vertebrates is realized through a musculoskeletal system com-
prising multiple bones and soft tissues such as muscles and tendons. Therefore, in under-
standing the mechanism of locomotion, the morphology of the musculoskeletal system is
crucial information, and in particular, the arrangement and bonding of soft tissues such as
muscles and tendons are factors that determine the movement of the skeleton. However, the
morphology of these soft tissues poses a significant challenge to the elucidation of dinosaur
locomotion. This is because most of the elements that make up the musculoskeletal system
are primarily preserved only in bones. Nevertheless, reconstructing the arrangement of the
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musculoskeletal system is essential to understanding locomotion. To address this issue, re-
searchers on dinosaur musculoskeletal reconstruction often use a method known as “extant
phylogenetic bracketing (EPB),” which is used to estimate lost characters or behaviors of ex-
tinct species[7], [8]. EPB is based on the following idea. First, as a premise, animals within a
given clade tend to share anatomical characteristics. Based on this, two or more extant taxa,
the closest living relatives or descendants of the target extinct group, are selected to bracket
the extinct group. Then, the lost information on the extinct species is estimated based on
the shared information between the extinct and extant species. In the case of dinosaurs, it is
common to construct a phylogenetic framework that includes crocodilians, the closest living
relatives, and avians, the descendants of dinosaurs.

Suppose we use EPB to reconstruct the lost soft tissues of dinosaurs. For example, we
focus on a muscle that exists in either of the species that bracket the extinct species and infer
whether it existed in dinosaurs. First, the presence of the muscle in question and the asso-
ciated osteological information are confirmed in the bracketing extant species. Osteological
information includes the bone of origin or insertion of the muscle and traces of muscle at-
tachment. Next, the correlation between this information in all bracketing extant species is
confirmed. Finally, it is inferred whether dinosaurs had the muscle in question by checking
whether the osteological information confirmed in extant species is present in the dinosaur
skeleton.

This method has been used to estimate the detailed arrangement of forelimb muscles
[9]–[12] and hindlimb muscles [13]–[16] in dinosaurs based on the musculoskeletal systems
of crocodilians and avians, and a generally uniform muscle arrangement has been revealed
in the skeletons of several dinosaur species. Furthermore, a kinetic model has been con-
structed using muscle systems estimated based on EPB and estimates of the range of motion
of joints and the muscle force that each muscle can exert, and this has been successfully used
to assess the locomotor abilities of dinosaurs [16], [17]. On the other hand, studies that have
assessed these dinosaurs’ locomotor abilities have produced unnatural results. For example,
Bishop et al. conducted a study to assess the extent to which the hindlimb musculoskeletal
dynamic model of the small bipedal theropod Coelophysis could support its own weight in-
stance [16]. The results showed that in the standing posture generally expected of dinosaurs
(a slightly crouched posture with hip and knee joints flexed, similar to that of avians), the
body weight could not be supported under static conditions for several predicted muscle
force patterns, or could only be supported by less than twice the body weight. It was there-
fore suggested that Coelophysis adopted an upright, human-like posture, in which case it
could support a load of about three times its own weight. Sellers et al. also constructed
a simplified musculoskeletal kinetic model of the limb musculature of the large theropod
(Arginosaurus huinculensis) and estimated gait by exploring the muscle activation pattern
that maximizes the distance traveled within a given metabolic cost and time based on ge-
netic algorithms [18]. In this report, it was reported that the estimated muscle forces did
not allow for a gait pattern that fully utilized the joint range of motion estimated from the
skeleton. Bishop et al. and Sellers et al. attributed these problems to a failure to consider the
passive function of the musculoskeletal system.
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1.3 Problems with previous method

Many studies have reconstructed the morphology of the dinosaur musculoskeletal system
based on the Extant phylogenetic bracketing proposed by Witmer. However, the results of
Bishop et al. and Seller et al. mentioned that there are problems with the reconstructing
locomotion. The main reason for this is that Bishop et al. and Seller et al. suggested that
there may be a lack of understanding of the passive function of the musculoskeletal system.
So why was the passive function not considered in the reconstruction of locomotion using
the musculoskeletal system based on EPB?

There are two main reasons for this problem. The first is the problem of the evidence
used to infer EPB. The inference of the presence of muscles based on EPB is based solely on
morphological information, such as the presence of the muscle in question in the bracketing
species and the osteological information indicating the origin and insertion of the muscle
in question in the bracketing species and dinosaurs. Therefore, it does not include any me-
chanical evidence in the inference. Therefore, even if the muscle in question was present
in dinosaurs and played an important role in locomotion, it may not have been considered
if it was not present in either of the bracketing species or did not leave traces on the bone.
In particular, soft tissues such as tendons and membranes that do not function as actuators
are not considered in the reconstruction of locomotion. In addition, in EPB, it is difficult to
reconstruct the characteristics that do not leave traces on the bone, such as bonding between
muscles or tendons. However, such connections between muscles and tendons bring about
mechanical interactions, and if these are not sufficiently considered, the magnitude and di-
rection of the force vectors transmitted to the skeleton may be significantly different from
those assumed when the muscles and tendons have a single origin and insertion. These
problems are likely due to the lack of accuracy in the morphology of the muscle system and
the lack of a foothold in considering passive functions.

The second reason is that the passive functions of the muscle system in dinosaur loco-
motion have not been well understood. Previous studies [16]–[18] have focused only on the
active function of the muscle system and have not explicitly considered the passive behav-
ior of the muscles. On the other hand, Bishop et al. suggested that in order to maintain
the posture of the metatarsophalangeal joint, a certain amount of torque was applied by a
virtual actuator in addition to the torque exerted by the muscles. This torque is thought to
be provided by the passive stretching of tendons and ligaments to maintain joint posture
and by collisions between bones. Sellers et al. also showed that plausible locomotion could
be easily achieved by imposing restrictions on the range of motion of the joints that do not
originate from the active action of the muscles. This restriction of the range of motion is
thought to be due to a passive elastic structure of the muscle system, which is still unknown
in dinosaurs. From these considerations, it is possible that muscles not only actively contract
but also exert an elastic force by passively extending to their natural length and that they act
as a limiter to limit the range of motion of the joint by preventing further extension.

In addition, the function of passive elements that do not have active functions, such as
tendons, is known to play an essential role in the mechanism of locomotion in extant ter-
restrial vertebrates. For example, ungulates such as horses have multiple tendons that span
multiple joints from the distal leg to the proximal leg, and this passive muscle system pro-
duces the back-and-forth movement of the hindlimb by coordinating the movement of the
hip joint and the movement of multiple joints of the distal leg, and by supporting the weight
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by mechanically constraining the joints by the ground reaction force when the limb contacts
the ground [19]–[21]. This function of coordinating joint movements by passive elements
of the muscular system is found not only in mammals but also in the limbs of avians. The
musculoskeletal system of the limbs of birds also has a mechanism that passively flexes the
knee, ankle, and metatarsophalangeal joints in conjunction with the flexion movement of the
hip joint, as does the horse [22], [23]. In this way, passive elements such as tendons create
a mechanism for restricting joint movement and coordinating multiple joints by connecting
to bones and muscles. In addition, it is known that the musculoskeletal system of running
birds such as emus has a mechanism that passively extends and flexes the intertarsal joint
by the shape of the articular surface of the bone and the elastic force of the muscle system
[24].

These findings suggest that passive functions of the musculoskeletal system, such as re-
striction of joint range of motion and coordination, are deeply rooted in terrestrial vertebrate
locomotion. Furthermore, the existence of these functions suggests that not all joint control
for locomotion is performed by the active action of muscles but that the morphology of the
musculoskeletal system autonomously controls some joint movements. In other words, lo-
comotion in terrestrial vertebrates is achieved by a combination of the active function of
the musculoskeletal system and the passive function of the musculoskeletal system. From
the above, the locomotion mechanism of dinosaurs should be considered with the passive
function of the musculoskeletal system.

1.4 Scope of this study

So, how can we think about the locomotion mechanism of dinosaurs, in which the active
and passive functions of the musculoskeletal system are harmonized? If we infer the mus-
culoskeletal system of dinosaurs based on EPB, as in previous studies [16], [17], the existence
of all soft tissues is determined by the attention of the EPB user and the correlation within the
bracketing relationship. As a result, the morphology of the musculoskeletal system recon-
structed based on EPB has no meaning other than phylogenetic correlation. Furthermore,
it is not clear what role each component of the musculoskeletal system plays in achiev-
ing terrestrial locomotion. In this case, when attempting to reconstruct locomotion based
on this musculoskeletal system, it is necessary to rely on some index-based optimization of
muscle firing timing or information that does not originate from the dinosaur musculoskele-
tal system, such as the gait trajectories of other organisms or electromyography. However,
locomotion is originally achieved by the mechanical function that emerges from the inter-
action of each element in the morphology of the musculoskeletal system. In other words,
understanding the relationship between the morphology and mechanical function of the
musculoskeletal system that realizes locomotion (mechanical functional morphology) leads
to the understanding of the natural locomotion mechanism of dinosaurs.

Therefore, in this study, we aim to construct the locomotion of dinosaurs based on the
mechanical functional morphology of the musculoskeletal system. In this study, as in EPB,
we also use information on crocodilians and avians; they are extant sisters of dinosaurs.
However, instead of applying the morphological correlative of extant sisters to the dinosaur
skeleton, we take the approach of applying the mechanical functional morphology of the
musculoskeletal system for locomotion to the dinosaur skeleton. This approach allows us to
construct a dinosaur musculoskeletal system in which the morphology of the system and the
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mechanical functions necessary for locomotion are linked. Of course, the mechanism itself
is that of crocodilians and avians, but since their skeletons are similar to those of dinosaurs,
they are likely to share the locomotion mechanism.

1.5 Approach

We propose a method to elucidate the locomotion mechanism of dinosaurs in which the ac-
tive and passive functions of the musculoskeletal system are harmonized. As a first step,
it is necessary to understand the walking mechanism of crocodilians and avians based on
the mechanical functional morphology of the musculoskeletal system, which forms the ba-
sis of the dinosaur musculoskeletal system. There are several studies on the locomotion
of crocodilians and avians based on detailed musculoskeletal dynamic models [25], [26].
However, these studies do not consider the effect of the passive elongation of the muscles
on joint motion. In addition, the attachment of muscles and tendons to multiple bones or
other muscles is not considered. However, anatomical descriptions of the musculoskeletal
system of crocodilians and avians show that many muscles have multiple attachments to
other tissues, not just one origin and insertion [22], [27]–[30]. Moreover, the passive behav-
ior of the muscular system may achieve coordinated joint motion, such as the reciprocal
apparatus of horses [19]–[21]. From these facts, it is necessary to examine how the forces
generated by muscle traction and interaction with the environment are transmitted through
the arrangement and connection of the muscle system to move the joints. Therefore, in this
study, in order to understand the locomotion mechanism of crocodilians and avians in more
detail, we propose a method to hypothesize the locomotion mechanism realized by the mor-
phology of the musculoskeletal system based on anatomy and physically reproduce it with
a robot to evaluate its feasibility (Fig.1).

STEP 1: 
Elucidate Locomotion mechanisms of extant archosaurs

Dissection Validation

Morphology
Musculotendinous structure

Hypothesize
mechanical function
Muscle Synergies, 
Passive interlocking

1. Reproduce 
musculoskeletal system 
with physical model.

2. Evaluate hypotheses 
experimentally using this 
model.

FIGURE 1.1: The methods for understanding locomotion mechanisms based
on the morphology and mechanical function of the musculoskeletal system of

archosaurs.

In biological dissection, the function of the muscles around the limbs of crocodilians
and avians is predicted in advance based on the functional anatomical descriptions of the
muscles [22], [27]–[30] and the electromyography of the muscles during gait [31], [32], and
the arrangement and bonding of the muscles are observed in detail based on this prediction.
In addition, each muscle or tendon is manually pulled, or a force equivalent to the ground
reaction force is applied to the foot to examine the joint motion and the mechanical effects on
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other muscles and tendons. Based on these experimental verifications, hypotheses are made
about each muscle and tendon’s active and passive actions and the locomotion mechanism
realized by their coordinated action.

Next, the bones involved in the locomotion of crocodilians and avians are modeled in 3D
by CT scanning or photogrammetry, and the bones are reconstructed with joints to create a
movable skeletal physical model. This skeletal physical model plays the role of a platform
for verifying the function of the muscle system. On this platform, the muscle system in-
volved in the mechanism hypothesized in the biological dissection task is constructed. The
active action of the muscles is reproduced by a linear actuator (a McKibben-type artificial
muscle or a motorized pulley), and wires reproduce the muscles and tendons that do not
use active action. The musculoskeletal system of the limb is constructed in a physical model
following the above procedure. Finally, this physical model is used to verify the feasibility
of the hypotheses about the mechanical function of each muscle or muscular system and
to elucidate the locomotion mechanism based on the mechanical functional morphology of
the musculoskeletal system. This series of processes is referred to as STEP1. However, since
the musculoskeletal system of terrestrial vertebrates is very complex, this STEP1 should not
attempt to reveal the complete locomotion mechanism at once. Locomotion is subdivided
into the stance phase of standing and the extension movement of the joints, the swing phase
of the flexion movement of the joints, and, in some cases, the function of a muscle, and the
basic mechanisms of locomotion are revealed one by one.

After revealing the fundamental mechanism of locomotion that can be realized by crocodil-
ians and avians based on STEP1, the next step is to apply it to the skeleton of dinosaurs and
verify whether the mechanism of closely related species can also be realized in dinosaurs,
as STEP2 (Fig.2).

First, a physical model of the dinosaur skeleton is constructed as a platform for verifying
the function of the muscle system in the same way as STEP1. In this model, the muscle
system necessary for the mechanism of closely related species is constructed. At this time,
the origin and insertion of each muscle and tendon in the bone are determined based on the
reconstruction of the dinosaur muscular system based on EPB [9]–[16]. Those not attached
to the bone follow the arrangement of the extant sister. The physical model of the dinosaur
musculoskeletal system is constructed following the above procedure. In this model, the
active behavior of the muscles of the extant sister, which is the basis revealed in STEP1, is
applied to the dinosaur physical model to verify whether locomotion can be realized.

Based on the above two steps, the fundamental mechanism of locomotion based on the
morphology and function of dinosaurs is gradually revealed.

1.6 Contents of this dissertation

Again, this study aims to elucidate the locomotion mechanism of dinosaurs, in which the
active and passive functions of the musculoskeletal system are well combined. To this end,
based on the method proposed in the previous section, we first reveal the fundamental
mechanism of locomotion of crocodiles and avians, which are closely related to dinosaurs.
Then, we apply the fundamental mechanism revealed by the extant sisters of dinosaurs
to the dinosaur skeleton to construct the musculoskeletal system and verify whether it can
achieve the same movement as the extant sisters. Ultimately, this study aims to construct the
locomotion mechanisms of dinosaurs by integrating the fundamental mechanisms based on
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STEP 1: 
Elucidate Locomotion mechanisms 

of extant archosaurs

・・・
Avian

STEP 2:
Validation

Crocodile

Mechanical functional
morphology

1. Construct the musculoskeletal 
system with applied locomotion 
mechanisms of extant sisters.

2. Build a physical model of the 
musculoskeletal system

3. Verify whether locomotion is 
achievable

FIGURE 1.2: A method for estimating the locomotion of dinosaurs based on
the locomotion mechanism of closely related species of dinosaurs.

crocodiles and avians. In this dissertation, we describe three attempts to understand the fun-
damental mechanism of locomotion of crocodiles and avians, which corresponds to STEP1
of the proposed method, and an attempt to apply the fundamental mechanism revealed
from crocodiles to dinosaurs, which corresponds to STEP2. This dissertation consists of six
chapters, including this chapter. The following is an outline of the contents:

Chapter 2, which follows this chapter, describes an attempt to understand the funda-
mental mechanism of locomotion of crocodiles, which corresponds to STEP1 of the proposed
method. Here, focus on the mechanism that enables the crocodile’s hind limbs to achieve a
stance posture in locomotion on land, as dinosaurs do. First, we dissect the crocodile’s hind
limbs and hypothesize the mechanism of the hind limbs’ stance and propulsion based on
the passive coordination of the muscular system and the interaction with the environment.
Next, we reproduce the musculoskeletal system of the crocodile’s hind limbs with a physical
model to verify the feasibility of the hypothesis.

Chapter 3 describes the function of a passive muscle that assists the stance and propul-
sion mechanism of the crocodile’s hind limbs described in Chapter 2. First, attaching the
muscle to the physical model of the crocodile’s hind limb skeleton, which is a platform for
verifying the muscular system function described in Chapter 2, experimentally reveals that
the muscles passively coordinate the movement of the two joints. Furthermore, by inte-
grating this function with the stance and propulsion mechanism, describe the function of
increasing the frictional force around the calcaneus during the stance phase.

Chapter 4, as an attempt corresponding to STEP1 of the proposed method in avians,
describes in detail the mechanism of the passive extension or flexion of the joint known as
the Engage-Disengage Mechanism (EDM) observed in the intertarsal joint of running avians
by biological dissection and reproduction with a physical model. Furthermore, describes
that the shape of the distal tibiotarsal joint surface can be quantitatively designed using the
arrangement and displacement of the ligaments that create the EDM.

Chapter 5 describes an attempt corresponding to STEP2 of the proposed method, which
applies the fundamental locomotion mechanism of closely related species of dinosaurs to
the dinosaur skeleton. Here, try that the stance mechanism of the crocodile’s hind limbs,
described in Chapters 2 and 3, is applied to the dinosaur skeleton. First, construct a physical
model of the dinosaur’s hind limb skeleton, which is a platform for verifying the function
of the muscular system, and apply the muscular system that creates the stance mechanism
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of the crocodile’s hind limbs to it. Next, using this model, we verify whether the dinosaur’s
hind limb skeleton can achieve a stance posture based on the passive coordination of the
muscular system and the interaction with the environment, as in the crocodile’s hind limbs.

In the last chapter, Chapter 6 summarizes the attempts to elucidate the locomotion mech-
anism of dinosaurs, in which the active and passive functions of the musculoskeletal system
are well combined, based on the proposed method. Finally, the future prospects of this study
will be discussed, and this dissertation will be concluded.
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Chapter 2

Elucidation of the fundamental
locomotion mechanism in
Crocodilians I

Note

This chapter is the author’s version of the following article:

Kazuki Ito, Tetusya Kinugasa, Kentaro Chiba, Yu Okuda, Ryuji Takasaki, Sayaka
Hida, Tsukasa Okoshi, Ryota Hayashi, Koji Yoshida, and Koichi Osuka, “The
robotic approach to the passive interlocking mechanism in the hindlimb muscu-
loskeletal system of Crocodylus porosus”, Advanced Robotics, Vol. 37, No. 18, pp.
1187-1197, DOI: 10.1080/01691864.2023.2256375, 2023.

2.1 Introduction

The musculoskeletal systems of animals have tremendous degrees of freedom, and therefore
the mere imitations of the systems in robots were considered not feasible. At the same time,
recent integrations between animal anatomy and robotics reveal that animals have mecha-
nisms that significantly reduce the degrees of freedom and achieve specific functions. The
horse appendicular skeletons, for example, have a reciprocal apparatus that autonomously
generates gaits through passively functioning muscular systems [19], [21] and a stay appara-
tus that supports their own weight during the stance phase through the interaction with the
ground [19], [21]. Incorporating the passive interlocking system into robotics successfully
achieved natural and efficient robot locomotion [33], [34]. Passive interlocking mechanisms
have also been reported in birds for the autonomous generation of hindlimb movements
and self-weight support [22], [24], and it is incorporated in robots to produce smooth and
efficient locomotion [34], [35].

Non-avian reptiles, hereafter referred to as reptiles for the sake of simplicity, are another
major terrestrial vertebrates that have been suggested to have passive interlocking mecha-
nisms, although it has not been addressed in robotic studies. In lizards and crocodilians, the
caudifemoralis longus muscle (CFL) and its branched tendon (CFLT) interlock to achieve
femoral retraction and knee fixation [36], [37]. Additionally, crocodilians differ from the
other known reptile in that their CFLT is further connected to the gastrocnemius externus
muscle (GE) [29], [38], [39]. It can thus be hypothesized that the unique crocodilian pas-
sive interlocking mechanisms composed of CFL, CFLT, and GE may be related to their more
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erected limb posture than in other reptiles, which is suggested to improve locomotion speed
and effectiveness in reptiles and mammals [40], [41]. In this study, we first describe the mus-
culoskeletal structures of crocodilian hindlimbs with special regard to the putative passive
interlocking mechanism. We then incorporate the mechanism into a robot to test the hypoth-
esis that the contribution of the passive interlocking mechanism achieves the crocodilian
semi-erect postures.

2.2 Dissection of Crocodylus porosus and minimum configuration
for semi-erect limb posture

A pelvic region with hindlimbs of a captive Crocodylus porosus was dissected (Figs. 2.1 and
2.2). The specimen was the freshly frozen specimen of a naturally died corpus of an adult
female of unknown age, provided by the Oniyama Jigoku in Beppu City, Oita, Japan. The
crocodile had a mass of 106 kg and a length of 2.8 m at its death. The specimen was placed
in a prone position (Fig. 2.1A), allowing ground reaction forces (GRFs) to be applied or
removed to the sole of the foot to identify the muscles that function during the semi-erect
limb posture. The CFL originates from the third to fifteenth caudal vertebrae (P0) and inserts
the fourth trochanter of the femur (P1), as shown in Fig. 2.1B. The CFLT branches off from the
CFL at P2 slightly distal to the insertion at P1, and joins the GE at P3, located near the lateral
femoral epicondyle (P4), which is the origin of the GE. The CFLT and GE together form a
Y-shaped junction at P3. The GE descends along the tibia and inserts onto the calcaneum
and the ventrodistal aspect of the metatarsus (P5).

FIGURE 2.1: A: The hindlimb and the trunk of the dissected crocodile (exclud-
ing the head, tail, and skin) in lateral view, with the schematics of the positions
of the major bones (femur, tibia, fibula, and metatarsals) and the muscles (CFL
and GE) and the tendon (CFLT) of interest. The photo is inverted for ease of
comparison with the right hindlimb robot described later in this paper. B: A
schematic representation of the crocodilian musculoskeletal system. The ar-

rows indicate the positive directions of the joint rotations.

The CFL is the largest muscle near the hindlimb and is primarily responsible for gener-
ating the propulsive force of the hindlimb [29], [38], [39]. The CFL contraction pulls both
P1 and P4 simultaneously. The biarticular muscle GE flexes the knee joint and plantarflexes
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the ankle joint upon contraction [38], or even passively by pulling P4 distally in response to
the GRF acting on the sole (Fig. 2.2), under the assumption that GE is a passive element of
constant length. The connection between the CFL and GE through the CFLT highlights the
importance of considering the potential novel functions that may arise from the coordination
of these two muscles. When both GRF and CFL contraction forces are applied, the tensions
exerted on the CFLT and GE at the Y-shaped junction P3 balance each other, thereby main-
taining the knee joint in an extended position, corresponding to the semi-erect limb posture
shown in Fig. 2.2. Furthermore, the additional contraction of the CFL generates a force that
retracts the hindlimb while maintaining the semi-erect limb posture.

FIGURE 2.2: The Y-shaped junction of the hindlimb where the CFLT connects
to the GE tendon. The purple and red arrows indicate the GRF and the traction

force of the CFL, respectively.

We only focus on the passive function of the GE in this study and regard the GE remain-
ing at a constant length. Then, it can be hypothesized that:

1. The crocodilian hindlimb musculoskeletal system has a passive interlocking mecha-
nism activated by the CFL contraction and the interaction with the ground.

2. The minimum configuration of this passive interlocking mechanism includes the CFL,
the passive GE, and the CFLT.

2.3 Crocodilian hindlimb robot

We developed a robot that mimics the crocodilian hindlimb musculoskeletal system (Fig.
2.3). The robot was designed to replicate the passive interlocking mechanism observed in
the hindlimb based on the dissection of the hindlimb musculature of the Crocodylus porosus.
The robot skeletal elements were fabricated using 3D skeletal data from a CT scan of the
dissected specimen, printed using tough resin (RESIONE, M68) by the stereolithography
3D printer, Photon Mono X (ANYCUBIC). The printed elements were assembled based on
the observed layout of the sacrum, ilium, femur, tibia, fibula, metatarsus, and phalanges. To
simplify the design, we assumed that the limbs move in a parasagittal plane during loco-
moting with a semi-erect limb posture, despite the complexity of the hip, knee, and ankle
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joints with multiple degrees of rotational freedom. Consequently, each joint was designed
to have a one-degree-of-freedom rotation about the pitch axis, and potentiometers (ALPS
ALPINE, RDC501052A) were embedded in the joints (Fig. 2.3A) to measure joint angles
(Fig. 2.1A). We also attached a membrane force sensor (LEANSTAR, MD30-60) ventral to
the calcaneum to measure the GRF.

FIGURE 2.3: The crocodilian hindlimb robot. A: Schematic illustration of the
crocodilian robot skeletomuscular system and the sensor placement in the lat-
eral and anterior views. B: The vertical and horizontal sliders constrain the
motion of the robot. The red and blue arrows indicate the direction of the slid-
ing in the guide mechanism. A ballast connecting to some pulleys provides
resistance for forward movement. The green arrow indicates the connection.

The robot replicates the origin and insertion of each muscle and tendon identified from
the dissection (Fig. 2.1A) using a high loading capacity (the maximum strength of 54.5 kgf)
and bare elastic polyethylene braid (PE line). The tendon strength of birds, which are the
closest relative of the crocodilians, typically ranges from 54 to 117 MPa [42]. Since the tendon
diameter of the crocodilian CFL inserted onto the fourth trochanter was approximately 6
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mm, its maximum tension is expected to range from 150 - 340 kgf. To simulate the tension,
bundles of 2 to 4 PE lines are used for the robot, depending on the ease of assembly.

The CFL muscle originates from the posterior edge of the frame and inserts onto the
fourth trochanter of the femur. A ring attached to a point P0 around the third caudal ver-
tebra is used to adjust the direction of the CFL. To simulate the contraction of the CFL, we
used a McKibben-type pneumatic actuator (MPA) with a natural length of 205 mm and a
contraction capacity of approximately 50 mm under internal pressure of 500 kPa. The GE
originates from the lateral femoral epicondyle (P4) and inserts at the ventrodistal aspect of
the metatarsus (P5). The CFLT branches off from CFL at P2 located posterior to the CFL
insertion (P1) and ventrally connects to the Y-shaped junction (P3) located posterior to the
origin of the GE (P4). The GE in the robot does not insert onto the calcaneum, unlike that of
actual crocodilians, for the sake of simplicity. The CFL, CFLT, and GE tension was measured
using load cells (DAYSENSOR, DYMH-106). To prevent the robot from falling laterally, a
guide mechanism (Fig. 2.3B) was used to constrain the robot in the sagittal plane. A bal-
last weighing 1.2 kg was lifted vertically through pulleys to provide resistance and pull the
sacrum posteriorly upon the horizontal movement of the robot. The moving unit of the
robot, including the guide mechanism, has a total mass of 4.63 kg.

2.4 Results

2.4.1 Semi-erect limb posture provided by the passive interlocking mechanism

We conducted experiments with the crocodilian hindlimb robot to evaluate the effectiveness
of its interlocking mechanism in achieving a semi-erect limb posture. The initial position of
the hindlimb was set up with the hip joint positioned posterior to the ankle joint, as shown
in the photo at 5 seconds of Fig. 2.4. We increased the internal pressure of the MPA to
500kPa at a rate of 25 kPa/s and observed how the hindlimb posture changed from its initial
position. As depicted in Fig. 4, the robot underwent a series of postural changes from the
initial posture to a semi-erect limb posture, until the hindlimb retracted. We divided the
experimental results shown in Fig. 5 into four sections for detailed analysis: Phase I (0-4 s),
Phase II (4-12 s), Phase III (12-18 s), and Phase IV (18 s onwards).

Phase I: The CFL remained flaccid, and there was no significant change in the posture of
each joint.

Phase II: (Tension generation by CFL): The CFL started to put traction force from 4 seconds.
The hip joint starts to extend gradually at around 8 seconds. The CFL and CFLT exhibit
nearly equal tension during this section. The CFLT, the Y-shaped junction P3, and the
GE origin P4 were at nearly the same level, while the tendon from P1 to P2 is flaccid.
Thus, it is presumed that most of the traction force generated by the CFL acted on P4

through the CFLT. Due to the flexion of the hip and knee joints in the initial posture, the
tendon between P1 and P2 is slack, causing the traction force of the CFL to be focused
on P4.

Phase III (Hip and knee extension): From 12 seconds, the hindlimb maintains a semi-erect
limb posture with hip and knee joints extended while being gradually retracted. The
CFL and the CFLT tensions reached their peak at the beginning of this phase. Subse-
quently, the tension in the CFL and CFLT decreased, and the difference between them
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FIGURE 2.4: A sequence of movement of the hindlimb robot in response to
changes in the MPA pressure. As the pressure increases, the hip and knee
joints gradually extend, causing the hip joint to move forward. A video of this

experiment (sv_1.mp4) is available in Supplemental material.

increased, as shown in Fig. 2.5B. It is therefore considered that the traction force of the
CFL primarily acted on the fourth trochanter P2, generating propulsive force. The GRF
and GE tensions reached their peak soon after, at around 13 seconds, corresponding
to the timing when the hip joint was positioned above the ankle joint. The knee was
locked or prevented from hyperextension by balancing the flexing torque caused by
the GRF and the extending torque caused by the CFL contraction acting through the
Y-shaped junction, while the hip joint extended further during propulsion.

Phase IV: The hip and knee joints stopped extending.
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FIGURE 2.5: A: The relative angles of the hip, knee, and ankle joints according
to time. B: The tension of the CFL, CFLT, and GE in response to changes in
the internal pressure of the MPA. The experiment was conducted 10 times.
The darker lines indicate the average of all tests, while lighter lines represent

individual test results. The MPA pressure is indicated by the black line.
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The results demonstrated that the minimal muscular system comprising CFL, CFLT, and
GE passively interlocks through the CFL contraction to achieve coordination of the hip,
knee, and ankle joints. This system allows the hindlimb to retract while maintaining a semi-
erect limb posture, supporting its own weight, and generating a propulsive movement of
the hindlimb. This suggests that this system may play a crucial role in achieving locomotion
during the stance phase of the high walk [43], a gait in which crocodilians do not contact
their bellies to the ground.

2.4.2 Function of coudifemoralis longus muscle tendon and gastrocnemius

To clarify the role of CFLT in connecting the GE and CFL, we performed additional exper-
iments (Figs. 2.6 and 2.7) in which the CFL was contracted with the CFLT disconnected.
Under this condition, no tension was generated on the GE because the force generated by
the CFL is not conducted through the CFLT. Upon contraction of the MPA, the knee joint
rapidly extended from 10.5 s and resulted in hyperextension at 11.2 s. When the CFLT is
properly connected, the GE pulls the Y-shaped junction P3 downwards, creating a force vec-
tor fP4P3 and a moment arm of rYJ around the hip joint (Fig. 2.8A). However, when the CFLT
is disconnected, the force on the Y-shaped junction is lost; thus, all the traction force of the
CFL acts on P1 ( fP1P0), resulting in a shorter moment arm rFT around the hip joint compared
to rYJ (Fig. 2.8B).
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FIGURE 2.6: Movement of each joint in case of CFLT absence. A: Each joint
angle. B: Tension acting CFLT and GE, and GRF.

We further conducted a similar experiment with the GE disconnected while the CFLT
inserting directly into the lateral femoral epicondyle (P4). At 10.5 seconds, we observed
knee joint hyperextension with the traction force of the CFL acting on the distal end of the
femur P4 through the CFLT (Figs. 2.9 and 2.10). In the absence of the GE, the CFLT generates
tension fP4P0 from P4 to P0 (as seen in Fig. 2.8C) due to the nearly aligned position of P0, P1,
P2, and P4. The tension fP4P0 is almost parallel to the CFL traction force fP1P0 on P1 (as in the
previous test), and the moment arm rLE is almost equal to rFT. The additional experiments
lead to the conclusion that the Y-shaped junction (P3) formed by CFLT-GE coupling changes
the direction of CFLT tension and extends the moment arm rYJ , facilitating hip extension.
Moreover, the Y-shaped junction also prevents hyperextension of the knee joint through the
GE passively generating tension opposing the GRF that flexes the knee joint. The inhibitory
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FIGURE 2.7: A sequence of hindlimb motion during the continuous increase
of pressure of MPA without CFLT. A video of this experiment (sv_2.mp4) is

available in Supplemental material.

FIGURE 2.8: Moment arms of the hip joint for three cases, rYJ (yellow), rLE
(purple), and rFT (green); and the direction of CFL traction force (arrows). A:
The CFLT and GE are properly connected. B: The CFLT is disconnected. C:

The GE is disconnected.

effect against hyperextension was lost when the GE was disconnected. Consequently, our
findings indicate the Y-shaped junction prevents excessive knee extension and lengthens the
moment arm for femoral retraction.

2.4.3 An additional passive element

The robot constructed above successfully supports the weight with the interlocking mech-
anism of CFL, CFLT, and GE. Contrarily, the interlocking mechanism insufficiently main-
tained the natural ankle posture during the experiment; the ankle joint dorsiflexed maxi-
mally and the anterior edges of the tibial distal end and the metatarsal proximal end con-
tacted (after 9 s in Fig. 2.11A, where the blue line reached the plateau). Before the experi-
ment, we expected that GE functioned to avoid bone-to-bone contact by generating a torque
that plantarflexes the ankle joint, but the experiment indicates that the tension generated by
the passive GE is insufficient to maintain the ankle posture against the dorsiflexion torque
caused by the GRF. The occurrence of the unnatural ankle joint suggests that the robot re-
quires either active contraction of the GE or additional plantarflexor muscles for the robot
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FIGURE 2.9: Movement of each joint when GE disconnected. A: Each joint
angle. B: Tension acting CFL and CFLT, and GRF.

FIGURE 2.10: A sequence of hindlimb motion during the continuous increase
of pressure of MPA without GE. A video of this experiment (sv_3.mp4) is

available in Supplemental material.

to achieve the natural ankle posture. To prevent the unnatural ankle posture, we introduce
the gastrocnemius internus (GI) muscle, another ankle plantarflexor [29], [38], as a passive
element. In crocodilians, the GI is a monoarticular muscle that originates from the poste-
rior surface of the tibial head, joins the GE, and inserts onto the ventrodistal aspect of the
metatarsus [38], [39]. With the GI, the ankle joint can attain a more erect posture without
bone-to-bone contact at ankle=112◦, resulting in propulsive motion (Figs. 2.11 and 2.12).
The tension of each muscle, particularly the GE, suggests that a higher traction force is nec-
essary to maintain the ankle posture when the GI is used, as shown in Fig. 2.12.

2.5 Discussion and Conclusions

The results of this study indicate that the crocodilian hindlimb has a passive interlocking
mechanism for weight bearing and limb propulsion, achieved with a minimal muscular
system utilizing only the CFL, CFLT, and GE muscles. The functions of the mechanism are
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FIGURE 2.11: Comparison of ankle joint angles (A) and tension profiles of
CFL (B), CFLT (C), and GE (D) under two conditions: one with the additional

passive element GI and one without.

crucial for the semi-erect posture of the crocodilian hindlimb. A previous study by Snyder
et al. [36] on lizards reported that the CFLT inserts onto the knee capsule and functions to
extend the hip, flex the knee, and rotate the femur in coordination with the CFL, thereby
extending the moment arm around the hip. Gatesy et al. [37] noted that the traction force
of the CFL acts not only on the insertion of the CFL but also on the insertion of the CFLT,
providing a larger moment arm and enabling a more efficient stance phase in crocodilians.
The studies on both crocodilians and lizards suggest that the moment arm for hip exten-
sion may be feasible in the transverse plane, where the femur is needed to abduct. In the
sagittal plane, however, CFLT alone is unlikely to increase the moment arm for the hip joint
extension since CFL and CFLT are nearly aligned (see Fig. 2.8). Our results thus highlight
the importance of the Y-shaped junction connecting the CFLT and the GE in lengthening
the moment arm around the hip joint in the sagittal plane through its interaction with the
ground. The increased moment arm is likely beneficial for achieving a semi-erect posture,
such as in high-walk, in crocodilians.

Our finding suggests that the passive interlocking mechanisms are ubiquitous among
terrestrial vertebrates (mammals: [19]–[21], [33]; birds: [22], [24]; crocodilians: this study).
The prevailing occurrence of the mechanism further suggests the importance of such a
mechanism for accomplishing effective terrestrial locomotion and the presence of similar
mechanisms in extinct vertebrates. The presence of interlocking mechanisms in extant ar-
chosaurs (birds and crocodilians) strongly suggests that a similar mechanism existed in their
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FIGURE 2.12: A sequence of motion using the additional passive element GI
to prevent passive plantarflexion of the ankle joint. A video of this experiment

(sv_4.mp4) is available in Supplemental material.

extinct archosaur relatives, non-avian dinosaurs. The CFL is thought to be a large, major
propulsive muscle in most of the non-avian dinosaurs as well (e.g., [37], [44], [45]). Although
the presence of CFLT cannot be assured due to the lack of osteological correlates, non-avian
dinosaurs presumably have the same or alternative anatomical structures to compensate for
the function of CFLT in crocodilians to achieve the passive interlocking mechanism. In fact,
the mechanism appears to be performed by the different sets of muscles and tendons in
birds as their CFL diminished throughout their evolutionary history [37]. The fact that not
all muscles and tendons evident from osteological features contribute to the passive mecha-
nism emphasizes the importance of future robotic studies on extant and extinct archosaurs
to elucidate the evolution of locomotion in archosaurs.

In future studies, it will be important to compare the joint trajectory of the robot with
that of high-walking crocodiles and analyze the force acting on the muscular system, par-
ticularly at the Y-shaped junction. Integrating the passive interlocking mechanism in the
crocodilian hindlimb into legged robots is expected to reduce the system’s degrees of free-
dom, mechanically and autonomously generate a walking trajectory, and improve energy
efficiency during locomotion. Additionally, investigating other passive interlocking mech-
anism and their linkage with the tail, which is the origin of the CFL and may influence
locomotion, is crucial.
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Chapter 3

Elucidation of the fundamental
locomotion mechanism in
Crocodilians II

Note

This chapter is the author’s version of the following article:

Kazuki Ito, Tetsuya Kinugasa, Sayaka Hida, Koji Yoshida, Ryota Hayashi, Koichi
Osuka,”Interlocking mechanism in the hindlimb using a passive musculotendi-
nous structure during the high walk of crocodilians: Validation of the effects of
iliotibials as passive element using a robot”, AROB-ISBC-SWARM 2023, Beppu,
Japan, OS10-7, 2023.

3.1 Introduction

Crocodilians are capable of using several gaits in sprawling and semi-erect postures, which
is of interest from a bio-mechanical perspective [25], [38], [46]. Many studies have been
conducted on the anatomical knowledge of their limbs to elucidate the function of muscles
by dissection [29], [38], [47]. The others have used various measurement systems for muscle
activity, such as electromyography, motion capture using visible-, infrared-, and/or X- rays,
and mathematical models [25], [31], [32], [48]–[52], for revealing the precise active role of
each muscle in locomotion.

Some terrestrial vertebrates have joint coordination mechanisms in their limbs using pas-
sive interlocking of the muscular system, producing joint trajectories autonomously for lo-
comotion. For instance, horses have a mechanism in which the interaction of some muscles
and tendons passively coordinate the lower leg joints only by reciprocating the femur to
produce the joint trajectory of gaits (i.e., reciprocal apparatus), and a mechanism that me-
chanically locks the joints and supports their weight by interacting with the ground reac-
tion force through the passive musculotendinous structure (i.e., stay apparatus) [19], [33].
The passive interlocking of the musculoskeletal system interacting with the environment
reduces the redundant degrees of freedom significantly, moderates the computational load
for controlling the muscular system and enables the locomotion to adapt to the mechanical
characteristics of the body. The normal mode of terrestrial locomotion for crocodilians is
the high walk, during which the hindlimbs are more erected and the belly is raised better
off the ground than during a sprawl. In some individuals, the crocodile can weigh over
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1000 kg [53], and the load on the joints of the limbs during walking is quite significant. The
limb joints should be effectively maintained against the weight. Therefore, it is expected
that there is a mechanism to maintain the erect-limb posture during high-walking passively
by a passive musculotendinous structure, as in the stay apparatus of the horses. However,
previous studies on the muscle function in crocodilian locomotion have not focused on joint
coordination using the passive interlocking of the musculotendinous system of the limbs,
which constrains the range of joint motion, supports the body weight, and produces the
joint trajectories for locomotion.

In this study, we focus on joint coordination based on the passive interlocking mecha-
nism interacting with the ground in the crocodilian hindlimb. We have previously iden-
tified the musculotendinous structures and their mechanical functions that contribute to
locomotion by considering ground reaction forces through the dissection of the hind limbs
of Crocodilus prosus, and have validated the mechanism by a robot [54]. In this report, we
present empirical studies on the mechanical function of the iliotibialis (IT), which is a biar-
ticular muscle coordinating the hip and knee joints, as a passive element in the standing up
and propulsive motion during the high walk.

3.2 Crocodilian hindlimb robot

In the previous study [54], we developed the crocodilian hindlimb robot that reproduced
the skeleton of the hindlimb of crocodilians. The robot was used to test the hypothesis of
the mechanism for maintaining the erect-limb posture in the hindlimb during high walking
obtained through dissection. Here, we experimentally investigated the mechanical function
of the iliotibialis as a passive element using a modified version of the crocodilian hindlimb
robot (Fig. 3.1).

The CT-scanned three-dimensional data was used for the robot to synthesize a crocodil-
ian hindlimb. The crocodilian hindlimb can rotate about the roll, yaw, and pitch axes, al-
though the hip, knee, and ankle of the robot are one degree of freedom (DoF) rotational
joints around the lateral axis in order to focus on high walking, which is achieved by limb
motion in the parasagittal plane. Potentiometers and a pressure sensor enable measuring
the angle of each joint and the ground reaction force around the heel. The robot has the
caudofemoralis longus (CFL), CFL tendon (CFLT), gastrocnemius externus (GE), gastrocne-
mius internus (GI), and IT. The McKibben pneumatic actuator (MPA) is used to provide trac-
tive force as the CFL. The non-stretchable wire (polyethylene braid with high load-bearing
properties and nylon braid with high abrasion resistance) reproduces the other muscles and
tendons as passive elements. The robot is attached to the vertical slide table to constrain the
motion in the parasagittal plane. The total weight of the robot except the slide table was
4.78kgf.

3.3 Results

3.3.1 Functions of the iliotibials as a passive element

．
The iliotibialis (IT) is a biarticular muscle that originates from the ilium wing and covers

the anterolateral portion of the femur, then inserts on the entire surface of the tibia (Fig. 3.2).
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FIGURE 3.1: The hindlimb robot reconstructing the passive musculotendi-
nous system and an MPA as the CFL.

First, we identify the function of the IT as a biarticular muscle for the hip and knee joints.
The IT is attached alone to the robot (Fig. 3.3), which is not in contact with the ground. An
elastic wire is implemented from the ilium wing to the calcaneum to provide knee flexion
tension. We made the hip joint manually extend and flex in the range θhip from −70◦ to 70◦

as demonstrated in Fig. 3.3.
Figure 3.4 represents the knee angle with respect to the hip angle. The relative angle of

the hip joint θhip is defined by the angle between the ilium and the femur, and the angle of the
knee joint θknee is defined by the angle between the femur and the tibia, where the clockwise
direction is positive. The positive direction of the hip and knee joints corresponds to hip
extension and knee flexion. Figures 3.3 and 3.4 show that the knee joint angle decreased
when the hip is extended from an almost horizontal position (approximately −70◦) to a
vertical posture (approximately 0◦). The IT length is constant when the hip joint is extended,
resulting in knee extension. In addition, when the hip joint angle exceeds 30◦, the knee
flexion angle increases because the IT path between the origin and the insertion begins to
decrease.

3.3.2 Effect of the iliotibialis on erect-limb posture

Next, the effects of IT on the erect-limb posture during the high walk were investigated.
Figure 3.5 shows the minimum musculotendinous structure necessary for maintaining the
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FIGURE 3.2: The effect of IT as the biarticular muscle for the hip and knee
joints.

FIGURE 3.3: The effect of IT as the biarticular muscle for the hip and knee
joints. The path of IT extends according to the hip extension, and the knee

joint extends if the IT length keeps constant.
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FIGURE 3.4: Hip joint angle and maximum knee joint flexion angle.

erect-limb posture of the hindlimb, as identified in a previous study [54]. This structure en-
ables the erect-limb posture only by active contraction of the caudofemoralis (CFL). Finally,
we conducted some experimental tests to verify the IT effect.

𝑎𝑛𝑡𝑒𝑟𝑖𝑜𝑟

𝐶𝐹𝐿
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FIGURE 3.5: The minimum musculotendinous structure (red lines) of the
hindlimb robot for maintaining the erect-limb posture.

The representative sequence of the limb posture when the MPA as the CFL was con-
tracted gradually, as shown in Fig. 3.6. The hindlimb robot successfully produced the erect-
limb posture.

After 6 s, the knee joint of the robot using the IT (above figure) is more extended than
that of the robot not having the IT (below). The calcaneus is lifted from the ground after
6 s in the above figure, whereas the robot using the IT keeps the calcaneus on the ground,
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FIGURE 3.6: Representative sequence of standing up and propulsive motion.
The above row indicates the motion in the absence of the IT. Below is the case

using IT.

swinging the hindlimb backward (i.e., providing propulsive force). The knee is forced to
extend by the IT when the CFL extends the hip joint, resulting in a weight shift toward the
calcaneus.

Figure 3.7 indicates the ground reaction force (GRF) measured by a pressure sensor at-
tached to the sole around the calcaneus. The GRF around the calcaneus rapidly decreased
around 5 s when the robot used the IT. Contrarily, although the GRF reduced by almost half
around 7 s, the robot kept it on the calcaneus, swinging the hindlimb backward.
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FIGURE 3.7: Ground reaction force around the calcaneum.

Therefore, the important role of the IT as a passive element in the erect-limb posture is
an improvement of the knee extension for the active hip extension by the CFL, providing
more frictional force around the calcaneus.
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3.4 Conclusions

In this report, we empirically investigated the passive role of iliotibialis in an erect-limb
posture of the crocodilian hindlimb robot. As a passive element, the IT provided joint coor-
dination of the hip and the knee in the erect-limb posture, resulting in more knee extension
and more frictional force around the calcaneus.

Future work in this study will aim to understand the active and passive roles of other
muscles and tendons in the hindlimbs of crocodilians and the mechanism of periodic move-
ments of the high walk, including the swing phase realized by the integration of these func-
tions.
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Chapter 4

Elucidation of the fundamental
locomotion mechanism in avians

Note

This chapter is the author’s version of the following article:

Kazuki Ito, Sayaka Hida, Tetsuya Kinugasa, Kentaro Chiba, Yu Okuda, Miwa
Ichikawa, Tsukasa Okoshi, Ryuji Takasaki, Ryota Hayashi, Koji Yoshida, and
Koichi Osuka, “Cam-like mechanism in the intertarsal joints of ratites and its
design framework“, Journal of Robotics and Mechatronics, 11/28/2023 Accepted.

4.1 Introduction

People often mistakenly believe that the knees of birds flex in the direction opposite that
of humans. This misconception arises because it is difficult to visually observe the bird’s
thighs, as they are hidden in feathers (Fig. 4.1A). The joint of birds mistaken for the knee
is called the intertarsal joint, which connects the tibiotarsus and tarsometatarsus (Fig. 4.1B).
Because the bird intertarsal joint is homologous to the human ankle joint, the tarsometatar-
sus moves forward (anteriorly) in flexion, unlike the human knee joint, in which the tibia
and fibula move posteriorly during flexion. Although the human knee joint and bird inter-
tarsal joint are not homologous, they rotate about the medial-lateral axis and support the
weight of the whole body during the stance phase of walking and running [24], [46].

Regarding the intertarsal joint of birds, a functional anatomical study revealed that large
ratites, such as ostriches and emus, exhibit an engage ‒ disengage mechanism (EDM) of
this joint [24]. EDM is a passive mechanism in which the joint converges to two locally sta-
ble equilibrium points, that is, the maximally extended and flexed states, from the locally
unstable equilibrium points at which the intertarsal joint is partially flexed. This mecha-
nism is achieved only by passive elements, which consist of articular surfaces between the
distal end of the tibiotarsus and the proximal end of the tarsometatarsus and ligaments and
muscles with minimal contraction capability. EDM was earlier described as“Schnappbewe-
gung” (snapping motion) [55], [56] and can also be observed in the elbow joints of various
mammals [57]–[62]. The passive property of the EDM is thought to play a crucial role in
bird walking.

In the human knee joint, which functions similarly to the bird’s intertarsal joint, the
lower limb swings forward in a relaxed state, with the knee slightly flexed during the first
half of the swing phase of walking. That is, the link lower than the knee swings later than
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FIGURE 4.1: Ostrich (Struthio camelus) at Fukuyama City Zoo (A) and right
posterior postcranial skeleton in lateral view (B).

the femur, which enables the leg to swing without having the toes touch the ground, thus
preventing stumbling. After the toes are swung through, the forward-swinging femur is
decelerated to extend the knee, and the foot sole lands after the leg is extended straight.
This passive knee motion is a well-known phenomenon in robotics, and it is called passive
dynamic walking [63]. However, the bird’s intertarsal joint flexes in the reverse direction of
the human knee joint, and the free oscillation of the leg under the influence of gravity does
not induce flexion or extension, which may lead one to believe that the toes stumble against
the ground. Therefore, birds must actively flex their intertarsal joints during the swinging
phase. The intertarsal joint begins to flex in the first half of the swing phase to lift the foot
off the ground and move toward a maximally flexed posture, which is a stable equilibrium
point. In the latter half of the swing phase, the intertarsal joint is extended, and the foot is
carried to the ground in the maximally extended posture; this is maintained in the stance
phase to support the bird’s weight. The extended posture of the intertarsal joint in the stance
phase is the other stable equilibrium point engaged in the EDM. As in previously recognized
passive mechanisms in bird [22], [24], [34], crocodilian [64], and horse limbs [33], [62], the
stability of the EDM during the stance phase is potentially reinforced by the interaction
between muscles, tendons, and the ground reaction force. Thus, the EDM may provide the
key to understanding how birds deliberately flex and extend their intertarsal joints. The
previous study investigated the role of the medial and lateral condyles at the distal end
of the tibiotarsus that causes the deformation of muscles and ligaments in the EDM [24].
However, because the elastic deformation or tension of the muscles and ligaments involved
were not measured, the details of how the passive elements around the joint generate tension
to achieve EDM remain unclear. If the EDM can be replicated using a physical model, it
should be possible to measure the displacement of the muscles and ligaments of the joint,
which may lead to the elucidation of the detailed principles of EDM and its design method.
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In this study, to examine the EDM observed in the intertarsal joint of ratites, we dissected
an emu to confirm the arrangement and functions of the passive elements around the joint
and established a physical model using a replica of an ostrich hindlimb skeleton to reveal
the principles of the EDM. Specifically, we measured the passive torque of the constructed
intertarsal joint and the displacements of the springs, simulating the ligaments, for various
postures to show that the articular surface performs a cam-like function. Furthermore, we
demonstrated that the tibiotarsal distal articular surface can be replicated by employing a
specific ligament arrangement and displacements.

4.2 Materials and methods

To fabricate a physical model, we first dissected an emu, Dromaius novaehollandiae, to con-
firm the EDM and arrangement of the ligaments and muscles of the intertarsal joint. The
specimen used for dissection was a young adult (approximately 30 kg) of unknown age and
sex, which was frozen immediately after natural death. The emu was provided by Japan
Eco System Co., Ltd.

The physical model was 3D printed using a 3D printer, ANYCUBIC Photon Mono X-
6K, with the RESIONE M58 resin. The 3D data for printing was provided free of charge
on Sketchfab by the Idaho Virtualization Laboratory under the license CC BY-NC-ND 4.0
Deed [65] (Fig. 4.2). The physical model was printed in a half-scale. The model consists
of the right tibiotarsus, tarsometatarsus, and proximal-most phalanx of the medial digit.
The muscle and ligaments on the medial and lateral sides of the intertarsal joint were ar-
ranged according to Schaller et al. [24] and the observations of the emu’s anatomy from
the dissection, which are described in the following section. The muscle and ligaments were
replicated using extension springs HP040-015-0.5 (0.922 N/mm, Showa Spring Co., Ltd.) for
ligamentum collaterale mediale longum (LCML) and m. fibularis brevis (MFB) and HP040-
019-0.5 (0.583 N/mm, Showa Spring Co., Ltd.) for ligamentum collaterale mediale (LCM)
and ligamentum collaterale laterale (LCL), which are connected with nylon cords (0.570 mm
in diameter, 20 kgf, Varivas Co., Ltd.) to M2 screws affixed at the origins and insertions of
the ligaments (Figs. 4.2 and 4.3). The springs were slightly pre-tensioned to maintain the
joint articulation and constrain the natural range of motion.

With this physical model, the elastic forces generated by the passive elements on the
intertarsal joint were measured using a spring scale (ST-01 100g/ 1g, Sanko Seikohjyo Co.,
Ltd.). The spring scale was attached to an M3 screw affixed to the point on the tarsometatar-
sus located 125 mm from the origin of the LCML (Fig. 4.3A). The generated force was mea-
sured in intervals of 10◦ within the joint range of motion (Fig. 4.3B).

4.3 Result

4.3.1 EDM and muscle and ligaments arrangement of the emu hindlimb

First, we confirmed the existence of the EDM and the associated muscle and ligaments in the
intertarsal joints through the dissection of the emu specimen. Our observations confirm that
the emu has the relatively long LCML and the short LCM parallelly arranged on the medial
side (Fig. 4.4A ‒ D), and the MFB, a short muscle with limited contractile action, and the
short LCL arranged to cross each other on the laterals side of the intertarsal joint (Fig. 4.4E
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FIGURE 4.2: Physical model using 3D-printed right hindlimb of ostrich [65].

‒ H) as in ostriches [24]. We further confirmed the virtually identical EDM in the emu as
in ostriches [24]; the joint snaps back to the extended posture when released from a slightly
flexed posture (at approximately 120◦ according to Schaller et al. [24]) from the maximally
extended state, and snaps towards the flexing direction (< 115◦ according to Schaller et al.
[1]) when further flexed.

4.3.2 EDM in the intertarsal joint of the physical model

Next, we describe the forces acting on the intertarsal joint, displacements of the muscle sys-
tem, and the EDM of the physical model. Table 4.1 lists the lengths lLCML(θ) and lLCM(θ)

of the two medial ligaments, and Table 4.2 lists the displacements of the lateral muscle
and ligament. The angle θ of the intertarsal joint is defined as the relative angle between
the tibiotarsus and tarsometatarsus (Fig. 4.2C). The displacements of the medial ligaments
are expressed by dLCML(θ) = lLCML(θ)− lLCML(44◦) and dLCM(θ) = lLCM(θ)− lLCM(165◦).
lLCML(44◦) and lLCM(165◦) are the minimum values (52.4 and 22.8 mm) of the respective
ligaments.

The tibiotarsus of the physical model was kept immobile, and the tarsometatarsus was
flexed by applying an external force from the maximally extended posture of 165◦. If the
tarsometatarsus is released when the angle is over 110◦, the joint snaps back to and becomes
stabilized at the maximally extended posture owing to the positive force acting on the joint
by the elastic force of the spring (Fig. 4.5A). Contrarily, if the joint is flexed beyond the
point that the angle becomes lower than 110◦, the joint snaps to and becomes stabilized at
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FIGURE 4.3: Experimental setup (A) and sequential photographs of experi-
ment for flexion (B)

the maximally flexed posture (40◦), at which the end of each bone segment contacts, due
to the negative elastic force on the joint. The observations indicate that the intertarsal joint
has an unstable equilibrium point within the range of 100◦ to 110◦, around which a vector
field is formed by the forces acting in the flexing and extending directions. Conversely, 165◦

and 40◦ can be regarded as stable equilibrium points in the extended (Fig. 4.6B) and flexed
postures. However, the spring tension within the vicinity of the stable equilibrium point in
the flexed posture is weak; therefore, the joint angle can vary around 70◦ owing to the effects
of friction and gravity.

4.3.3 Design of articular surface, critical for achieving the EDM

The direction of the elastic force on the intertarsal joint alternates between 100◦ and 110◦ of
the joint angle (Fig. 4.5A). In Fig. 4.5B, the trend of the LCML displacement has an upward
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FIGURE 4.4: Dissected intertarsal joint of emu. In the medial view (A-D), the
orange and blue lines represent the LCML and LCM, respectively. In the lat-
eral view (E-H), the orange and blue lines represent the MFB and LCL, respec-
tively. The black line indicates the outline of the distal end of the tibiotarsus.

convex shape peaking at 120◦ on the medial side of the joint, generating an elastic force to-
wards the extended posture, which appears to be responsible for the EDM to snap back the
joint. The trend of the LCM displacement has an upward convex shape peaking at 3 mm
and 90◦, and it becomes almost constant around 0.4 mm (displacement: 0 mm) over 140◦

and gradually decreases to 1.5 mm towards the maximally flexed posture (44◦). Thus, the
EDM for the flexing direction is achieved by the additional tension of the LCM at angles
smaller than 140◦. On the lateral side, the trend of the LCL displacement is similar to but
smaller than that of the LCM. Thus, it appears to have a slight effect on the EDM (see fur-
ther discussion in Section 4.4). The displacement of the MFB sharply increases as the joint
approaches the maximally extended posture. The displacements of the LCML and the LCM
result from the morphology of the distal and cranial rims of the condylus medialis of the
distal tibiotarsus (DrM and CrM, respectively) (Table 4.1 and Fig. 4.6); the articular surface
in lateral view is not circular with a single center but more similar to oval with two ellipse
center. The elliptical outline of the condyles stretches the LCML and the LCM when the
joint angle is over or less than 100◦-110◦, respectively, causing the tarsometatarsus rotation
with alternating the rotational centers between origins of the LCML and the LCM on the
tibiotarsus. This indicates that the intertarsal joint has a special two-axis cam-like structure.
Based on this observation, we can design the articular surface to achieve the EDM using the
displacements of the two medial ligaments. Furthermore, because the line connecting the
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TABLE 4.1: Lengths of ligaments LCML and LCM

θ lLCML lLCM θ lLCML lLCM
[◦] [mm] [mm] 100 66.4 25.3
44 52.4 24.3 110 67.9 24.7
50 53.7 24.8 120 68.1 24.3
60 56.1 25.2 130 67.7 23.7
70 58.9 25.2 140 66.9 23.2
80 61.6 25.7 150 65.5 22.9
90 64.2 25.8 165 63.8 22.8

TABLE 4.2: Displacements of ligaments MFB and LCL

θ MFB LCL θ MFB LCL
[◦] [mm] [mm] 100 0.2 1.6
35 0 0.8 110 0.5 1.5
40 0 0.9 120 0.6 1.3
50 0 1.6 130 0.8 1.2
60 0 2.1 140 1.1 1.1
70 0 2.3 150 1.8 1.3
80 0 2.1 160 2.9 1.4
90 0 2.0 165 3.6 2.1

origins of the LCM and LCML corresponds to the intertarsal joint angle θ of approximately
130◦ (Fig. 4.6D), the dominant ligament in the EDM is assumed to switch from the LCML to
the LCM at this angle. Based on this assumption, we can design the cam in the intertarsal
joint by applying the following procedure.

First, the radius rDrM of the cam base circle is set at the distance between the origin of
the LCML and DrM (34.3 mm, as determined via measurements, Fig. 4.6B) at the maximally
extended posture (θ = 165◦). The center of the base circle CDrM is the origin of the LCML
and is set as the coordinate origin. The cam surface of the distal articular surface (i.e., DrM)
can be expressed as follows using the displacement of the LCML.

RLCML(θ) = lLCML(θ)− (lLCML(165◦)− rLCML) (4.1)

xLCML(θ) = RLCML(θ) cos θ + xCLCML (4.2)

yLCML(θ) = RLCML(θ) sin θ + yCLCML (4.3)

Next, we determined the length of the LCM so that the cranial articular surface (i.e.,
CrM) forms a continuous outline to the DrM at θ = 130◦; the radius of the base circle of
the CrM is determined as rCrM = lLCML(130◦) − dCCrM , where the center of the base circle
CCrM is set at the origin of the LCM (CCrM = (xCCrM , yCCrM) = (−19.6, 22)), and the distance
between the two centers is dCCrM = 29.8 mm. Subsequently, the cam surface of the CrM is
expressed as follows.

RLCM(θ) = RLCML(130◦)− dCLCM (4.4)

xLCM(θ) = RLCM(θ) cos θ + xCLCM (4.5)

yLCM(θ) = RLCM(θ) sin θ + yCLCM (4.6)
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FIGURE 4.5: Joint elastic force (A), displacements of LCML and LCM (B), and
displacements of the MFB and LCL (C).

The designed cam surface shows that the DrM and the CrM are divided at the angle
of 130◦, and the shift of the dominant ligament occurs at the same angle (Fig. 4.7). The
replicated articular surface accurately represents the range of the CrM between the joint
angle of 44◦ and 130◦ and the DrM between 130◦ and 165◦ (Fig. 4.8).

4.4 Disscusssion

We first discuss whether the arrangement of the ligaments and muscles necessary for achiev-
ing the EDM was appropriately replicated in the physical model in comparison with the
dissection results. Although the dissection was conducted using an emu and the physical
model was produced based on the digital data of an ostrich, the aforementioned results in
Section 4.3.1 clearly indicate that the anatomical features around the intertarsal joints are
consistent between the two species, making the comparison meaningful.

The arrangement of the ligaments in the physical model does not fully replicate that in
the dissected specimen, but the differences do not appear to influence the performance of
the EDM significantly. We arranged the LCML and LCM in parallel along the long axis of the
tarsometatarsal on the medial side of the intertarsal joint at the maximally extended posture
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FIGURE 4.6: Extended (A and B) and flexed (C and D) postures of replicated
intertarsal joint.

in the physical model (Fig. 4.6B), as in the dissected emu specimen (Fig. 4.4A). However,
the LCML in the physical model slides over the epicondylus medialis (Em) cranially, which
is located on the medial surface of the tibiotarsal distal end, at the flexed posture whereas
the ligament does not in the dissected specimen (Figs. 4.4D and 4.6D). This discrepancy
occurs because we could not physically replicate the membranous ligament, originating at
the condylar rim, connecting to and preventing the over-slide of the LCML. This suggests
that the elastic force of the LCML did not act as much in the flexed posture in the physical
model as it did in vivo. Therefore, the passive action of the EDM in the flexed posture
observed in the dissected specimen was not fully replicated. On the lateral side, the LCL
and the MFB were arranged to intersect each other, forming the ‘X’ configuration of those
ligaments (Fig. 4.6C), as in the dissected specimen (Fig. 4.4H). The configuration of the
ligaments, however, was not fully replicated in the extended posture; the LCL and MFB were
arranged at an oblique angle with respect to each other without intersecting (Fig. 4.6A) but
completely intersected in the dissected specimen (Fig. 4.4E). Regardless of the discrepancy,
the physical model successfully replicated the EDM using the cam surface of the joint as
well as the muscle and the ligaments. Ultimately, the disparity between the physical model
and the dissected specimen does not dispute the validity of our findings.

Next, we discuss the roles of the ligaments and the muscle, which are critical for achiev-
ing the EDM of the intertarsal joint, based on their displacement pattern (Fig. 4.5B and C).
The LCML displacement pattern suggests that it generates an elastic force towards the ex-
tended posture, responsible for the EDM to snap back the joint. The similar displacement
pattern of the LCM and the LCL suggests that the elastic forces of both structures conjunc-
tively produce the force to flex the joint. However, the maximum displacement of the LCM
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FIGURE 4.7: Designed Cam surface. The cam surface is represented by the
dash-dot line (DrM) and the solid line (CrM). DrM’ and CrM’ represent the

virtual extentions of the DrM and CrM.

(3 mm) and the LCL displacement (1.2 mm) infers the different roles of the elements; the
LCM plays the dominant role in achieving the EDM, whereas the basic role of the LCL is
the maintenance of the joint coherence (Note that both elements employed with the same
type of spring, and therefore the displacement reflects the magnitude of the force acting on
each element). The MFB begins to extend at the joint angle of 90◦ and is rapidly displaced
with an increasing joint angle, suggesting that its role is to maintain joint coherence in the
extended posture and prevent hyperextension.

Finally, we discuss the suggestions for the more appropriate cam surface design to repli-
cate the structure seen in ratites. The designed articular surface does not connect smoothly
at the position (θ = 130◦), where the dominant role for the EDM alternates between the
LCML and the LCM (DrM and CrM in Fig. 4.7). The designed surfaces of the DrM and the
CrM are roughly identical between the joint angles of 90◦ and 130◦, although that of the CrM
is slightly bulged outward (Fig. 4.7). Therefore, the 130◦ line in Fig. 4.7, which connects the
origins of the LCML and the LCL, is not necessarily the switching point; instead, the centers
of the cam base circles can gradually shift in this range (90◦ < θ < 130◦) as in the dissected
specimen. In future studies, it will be ideal to form a smooth surface via spline interpola-
tion or other approaches to design an actual robotic intertarsal joint to replicate the gradual
transition of the rotational centers of the base circles.

4.5 Conclusions

This study successfully designed and established a physical model of an ostrich intertarsal
joint that can achieve EDM. Using the physical model, we measured the displacements of
the muscle and the ligaments around the joint, demonstrating that the EDM was achieved
owing to the interaction of the muscle, the ligaments, and the cam-shaped distal end of the



4.5. Conclusions 39

CrM

Dr
M

FIGURE 4.8: Cam surface and intertarsal joint motion. The cam surface is rep-
resented by the dash-dot line (DrM) and the solid line (CrM). The transparent
images of the medial side of the tibiotarsal distal end are superimposed as the
origin of the LCML matches the center of the base circle of the DrM, showing
the distal end functions as a cam, and the tarsometatarsus functions as the

follower.

tibiotarsus. Because it is difficult to measure the extensions or elastic forces of the muscle
and the ligaments through dissection or in vivo, the approach of this study is significant
to elucidate the biomechanical aspect of the EDM in the intertarsal joint. Conversely, this
study further demonstrates we can design a cam surface by adjusting the arrangement and
displacement of certain ligaments (the LCML and the LCM).

The previous study addressed the EDM in the ostrich intertarsal joints and suggested
that the protrusions on the medial (Em) and lateral sides of the distal tibiotarsi play a cru-
cial role in achieving the EDM. However, the function of the EDM resembles that of a cam,
as revealed in this study, and we argue that it is more rational to regard the articular sur-
face morphology of the tibiotarsal distal end rather than the protrusions as a fundamental
structure to achieve the EDM.

Although nearly all conventional robots employ pivotal rotating joints, elucidating the
effects of structures that have local equilibrium points, such as those used in this study, may
provide hints for achieving more natural postures and locomotion of robots. For example,
the passive function of maintaining joint extension is effective in the stance phase, whereas
the function alternating flexion and extension of certain joints across an unstable equilib-
rium point may provide design guidelines for synergetic contraction of multiple muscles or
reciprocal control to trigger flexion and extension during the swing phase. As a follow-up,
we plan to investigate whether natural and efficient locomotion in living animals can be
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achieved by introducing joints with nonlinear properties, such as EDM, to robots. In addi-
tion, because the EDM achieved in this study was based on static experiments, it is necessary
to clarify the function of the EDM in dynamic locomotion.
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Chapter 5

Construction of locomotion
mechanisms in dinosaurs

Note

This chapter is the author’s version of the following article:

Kazuki Ito, Tetsuya Kinugasa, Tsukasa Okoshi, Kentaro Chiba, Ryuji Takasaki,
Damdinsuren Idersaikhan, Ryota Hayashi, Koji Yoshida, and Koichi Osuka, ”
Can Dinosaurs’Hindlimb Maintain their Stance Posture Using the Passive Inter-
locking Mechanism Confirmed in Crocodilian Hindlimb?”, AROB-ISBC-SWARM
2024, OS15-5, Beppu , Japan, 2024.

5.1 Introduction

Animals possess a musculoskeletal tendinous system that comprises multiple joints and
redundant muscle configurations, resulting in a highly complex multi-degree-of-freedom
system. Revealing the essential mechanisms required for animal locomotion proved to be
challenging but attracted much scientific attention not only in biology but also in robotics.
Merely elucidating how individual muscles generate force might not inherently lead to a
comprehensive understanding of overall locomotion. Functional anatomical studies demon-
strate that passive interlocking mechanisms achieved by the coordination of multiple mus-
cles, tendons, and bones are vital to producing remarkably smooth limb movements with
minimal activation of muscles in horses [19], birds [24], [26], and crocodiles [25], [64]. Re-
producing such passive mechanisms by synthesizing robots has been shown to emerge the
natural motion of animals in studies [22], [33], [34], [64], [66], [67]. These studies underscore
the significance of comprehending the intricately connected muscle systems and replicating
them through physical models to reveal the underlying mechanisms of animal locomotion.

The approach to understanding locomotion through robotic replications is not exclusive
to extant species; it can be extended to those that are extinct. The locomotion and muscu-
lotendinous system supporting it were lost through fossilization, and therefore, validating
their efficacy through the replication of physical models is highly informative to locomo-
tive strategies of extinct animals. Previous studies have employed computer simulations
to analyze the locomotion of extinct species e.g., [16], [18]. However, mathematical mod-
els inherently lose information during the modeling process, and there might be numerous
aspects that can only be understood through the replication of physical models.
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FIGURE 5.1: A reconstructed skeleton of Protoceratops andrewsi (cast) at the
Museum of Dinosaur Research, Okayama University of Science.

This study, therefore, aims to elucidate and reconstruct the musculoskeletal tendinous
systems present in extinct species by establishing a physical model based on actual fossil
specimens. This report presents a physical model based on a remarkably well-preserved
fossil specimen of a non-avian dinosaur, Protoceratops andrewsi (Fig. 5.1). We emulate the
passive interlocking mechanism supported by certain muscles and tendons observed in the
hindlimbs of crocodiles, extant relatives of non-avian dinosaurs. Using the physical model
with the emulated passive systems, we demonstrate the ability to stand upright and main-
tain a stance posture in Protoceratops through robotic experiments.

5.2 Material and Method

To reconstruct a physical model of a dinosaur, we used a cast of Protoceratops andrewsi skele-
ton with the musculotendinous system for maintaining a stance posture implemented based
on the passive interlocking mechanism of the crocodilian hindlimb [64].

5.2.1 Skeletal model of Protoceratops andrewsi

A cast of the nearly complete Protoceratops andrewsi skeleton was utilized for this study. This
species is a small-bodied quadruped herbivorous ceratopsian dinosaur and is represented
by numerous well-preserved skeletons from the Upper Cretaceous Djadokhta Formation
in the Gobi Desert, Mongolia [68]. It was collected at Tugrikin Shireh on August 28, 1993,
during the Hayashibara Museum of Natural Sciences and the Mongolian Paleontological
Center Joint Expedition [69]. The specimen preserves a nearly complete skeleton, lacking
only the rostral region of the skull and the tip of the tail. It measures approximately 1.7
meters in length and is estimated to weigh around 106-179 kilograms based on the esti-
mation formula by Campione and Evans [70]. The specimen is minimally deformed by
taphonomic processes. The skeleton is now housed in the Institute of Paleontology of the
Mongolian Academy of Sciences in Ulaanbaatar, Mongolia, and the specimen number is
MPC-D 100/531. The skeletal cast was reconstructed in a standing posture at the former
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Hayashibara Museum of Natural Sciences in Okayama, Japan (Fig. 5.1) [71], and later trans-
ferred to the Museum of Dinosaur Research, Okayama University of Science. The recon-
structed standing posture, including each joint angle, is congruent with that of the indepen-
dent study of Protoceratops locomotion [72]. Three-dimensional digital models of the pelvic
girdle and each hindlimb element were created based on the isolated casts of the bones using
photogrammetry [73] and X-ray computed tomography (CT) scanning. The photogrammet-
ric models were created using Metashape Standard version 1.7.3 (Agisoft, Russia). The casts
were CT scanned using Latheta LCT-200 (Hitachi Aloca Medical, Japan). The obtained CT
images were rendered using VGSTUDIO MAX 3.4 (Volume Graphics, Germany) and seg-
mented using 3DSlicer version 5.3 [74].

5.2.2 Stance mechanism based on the passive interlocking of the musculotendi-
nous system in crocodilian hindlimb

We implemented the musculotendinous system onto the skeletal model of Protoceratops
based on the passive interlocking mechanism of the crocodilian hindlimb, maintaining a
stance posture. The mechanism achieves a stance posture using the caudofemoralis longus
(CFL), the branched tendon of the CFL (CFLT), and the gastrocnemius externus (GE) in
crocodilians (Fig. 5.2A [64]). The CFL, the largest muscle around the hindlimbs, originates
from the third to fifteenth caudal vertebrae and inserts into the fourth trochanter on the pos-
terior side of the femur. A thick tendon (CFLT) branches slightly distal to the CFL insertion,
connecting to the GE, and forms a Y-shaped junction (Fig. 5.2B). The GE originates from the
lateral femoral epicondyle, descends alongside the tibia, and inserts into the flexor digitrum
longus around the metatarsi, which inserts into the ventrodistal aspect of the phalanges [38].
．

This musculotendinous arrangement is based on our previous anatomical studies of
Crocodylus porosus [64] and other previous studies of multiple crocodilian species [29], [38].
The mechanism of crocodilian hindlimbs to support weight and maintain a stance posture
is performed through the traction generated by the active contraction of the CFL and the
ground reaction forces (GRF). The active contraction of the CFL FCFL results in traction of
the femur, causing extension of the hip joint, and simultaneously generates the tension of the
CFLT TCFL posterodorsally (Fig. 5.2B). If the hindfoot makes contact with the ground when
the CFL is activated, the GRF affects the ankle joint’s dorsiflexion, resulting in tension TGRF

that pulls the Y-shaped junction posterovenrally along the GE. The active contraction of the
CFL FCFL results in traction of the femur, causing extension of the hip joint, and simultane-
ously generates the tension of the CFLT TCFL posterodorsally (Fig. 5.2B). At this moment,
considering the combined forces acting on the Y-shaped junction formed by the CFLT and
GE - TCFL and TGRF - the resultant force FCFL+GRF pulls the Y-shaped junction posteriorly.
FCFL+GRF acts as a force that pulls the lateral femoral epicondyle, which is the origin of the
GE, posteriorly through the Y-shaped junction, leading to the extension of the knee joint if
the foot does not slip. Essentially, upon hindfoot contact with the ground, the stance posture
in the hindlimb can be accomplished and maintained solely through the traction exerted by
the CFL and the passive joint coordination in crocodilians. This interlocking mechanism
within the crocodilian hindlimb musculotendinous system for maintaining a stance posture
was verified through robotic experiments in our previous study [64].
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5.3 Result

5.3.1 Reconstruction of the Protoceratops hindlimb musculoskeletal tendinous
system

We implemented the musculotendinous system to the Protoceratops hindlimb based on that
of crocodilians, primarily focusing on the passive interlocking mechanism (Fig. 5.3). To re-
construct soft tissue structures of extinct animals that are rarely fossilized, paleontologists
have utilized inferences from extant relatives (e.g., [8]). The origin and insertion points
of the CFL, CFLT, and GE are regarded as consistent among archosaurs, including extant
crocodilians, extinct non-avian dinosaurs, and extant birds [12], [13], [15], [16], [22], [27],
[28], [36], [37], [75]–[85]. Therefore, these muscles can be implemented in the Protoceratops
model with high certainty. Additionally, we introduced the gastrocnemius internus (GI)
and the iliotibialis (IT) muscles, which are also consistent among archosaurs, as passively
functioning elements (e.g., [14], [16]). The GI originates from the medial surface of the prox-
imal end of the tibia and inserts onto the plantar surface of the metatarsals in crocodilians
[29], [38]. In our previous research [64], introducing the GI into the crocodilian hindlimb
musculoskeletal model limits excessive dorsiflexion of the ankle joint, avoiding collision be-
tween the tibia and metatarsi. Furthermore, we assumed that the addition of the GI to the
Protoceratops skeleton is essential to maintain the digitigrade posture observed in non-avian
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FIGURE 5.3: Reconstructed musculoskeletal tendinous system to achieve a
stance posture in Protoceratops.

dinosaurs by passively restricting the range of dorsiflexion in the ankle joint. Such passive
support of the ankle joint by elastic stretch of the muscles was also predicted to have been
present in dinosaurs by Bishop et al. [16] and Sellers et al. [18]. The IT in crocodilians
originates from the dorsal border of the iliac blade and inserts into the cnemial crest of the
tibia [29], [38]. Our previous study [67] revealed that introducing the IT into the crocodilian
hindlimb musculoskeletal model results in passive extension of the knee joint, coordinating
with the extension of the hip joint. The inclusion of IT is assumed to be critical to maintain-
ing a more upright stance for dinosaurs compared to crocodilians.

5.3.2 Design of the Protoceratops hindlimb robot

We designed the Protoceratops hindlimb robot (Fig. 45.4), combining the pelvic and hindlimb
elements with the hip joint, knee joint, ankle joint, and metatarsophalangeal joint (only the
second digit) as single-axis rotational joints (Fig. 5.4B). These joints were equipped with po-
tentiometers to measure the relative angles (Fig. 5.4A). We fixated the constructed pelvic and
hindlimb elements onto the aluminum frames that imitating dorsal and caudal vertebral col-
umn. Additionally, a single-axis rotational joint was positioned at the equivalent point of the
shoulder joints and connected to imitated forelimbs (Fig. 5.4C). The imitated forelimbs are
equipped with casters to slide on the ground, enabling movement in the horizontal plane.
To prevent lift force due to their lighter weight compared to the hindlimbs, we attached 5 kg
weights to the forelimbs. We then implemented the artificial musculotendinous system (Fig.
5.3). The CFL was implemented using two McKibben-type pneumatic actuators (MPAs) ar-
ranged in parallel. Other passive muscles and tendons were reconstructed using Kevlar
lines. The natural lengths of the GI, GE, and IT elements were configured to be adjustable.
The dimensions of the robot are approximately 1.6 m in length, 0.7 m in height, and 0.6 m in
width, weighing around 16 kg.
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5.3.3 Experiment of upright standing and maintaining the posture

The experiments verified that the Protoceratops hindlimb robot successfully performs stand-
ing upright motion and maintains the stance posture (Fig. 5.5).The experiments started
from an initial posture resembling a crouched posture with flexed knee and hip joints. The
pressure within the MPAs, representing the CFL, was increased at a constant rate from the
atmospheric pressure, causing gradual contraction. Around the relative pressure of 200 kPa,
the hip and knee joints began extending. At approximately 300 kPa, the posture resembles
the stance posture of the reconstructed skeleton, illustrated in Fig. 5.1. We replicated the ex-
periment ten times and recorded the relative angles of the joints in each hindfoot according
to the MPA pressure (Fig. 5.6). The results showed that the robot successfully stood upright
and maintained the stance almost identically regardless of uncertainties (e.g., differences in
initial condition) in all tests.
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FIGURE 5.5: A sequence of movement of Protoceratops hindlimb robot in re-
sponse to the change of the MPA pressure.

5.4 Conclusions

This report demonstrates that the implementation of the passive interlocking mechanism,
seen in crocodilian hindlimbs, enables Protoceratops andrewsi to achieve a stance posture
solely by the activation of the CFL with the coordination of the passive musculotendinous
structures and GRF. The importance of such passive mechanisms in the study of dinosaur
locomotion has been raised but not investigated (e.g., [16], [18]). The robotic approaches
of this study, in contrast, directly contributed to understanding passive mechanisms in di-
nosaur locomotion. The measurement of the forces acting upon each muscle and tendon
element, as well as ground reaction forces, will facilitate a more thorough investigation into
the mechanics behind how dinosaur musculoskeletal systems achieve the stance posture
relevant to their locomotion.

Now, we have the Protoceratops robot that is capable of standing upright, and the appa-
ratus serves as an effective platform to investigate other musculoskeletal systems to achieve
different aspects of locomotion (e.g., walking) in Protoceratops. This study highlights that
constructing physical models based on original fossil specimens is a highly effective scheme
to emulate the locomotion and the underlying musculoskeletal tendinous systems in vari-
ous extinct species beyond non-avian dinosaurs.
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FIGURE 5.6: The relative angle of each joint according to the MPA pressure.
The lighter solid lines represent the variations in the relative angles over ten

trials, while the darker solid line represents their averages.
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Chapter 6

General discussion

6.1 Evaluation of the efficacy of the proposed approach

In order to reveal the locomotion mechanism of dinosaurs in which the active function and
passive function of the musculoskeletal system are harmonized, we first followed STEP1
of the proposed approach. We revealed the stance mechanism, which is the basis of loco-
motion, based on the mechanical functional morphology of the crocodilian musculoskeletal
system, as shown in Chapters 2 and 3. Then, in Chapter 5, we succeeded in realizing the
stance posture of the dinosaur hindlimb by applying the mechanical functional morphol-
ogy that realizes the stance posture of the crocodilian hindlimb to the dinosaur skeleton.
The approach of constructing the muscular system of the dinosaur hindlimb is based on the
mechanical functional morphology of the crocodilian hindlimb, which is different from the
approach of reconstructing the dinosaur muscular system based on the extant phylogenetic
bracket that has been used so far. Then, are there differences between our muscular sys-
tem and the dinosaur muscular system reconstructed based on the EPB? In this study, we
confirmed how the muscles CFL, CFLT, GE, GM, and IT that make up the dinosaur muscle
system were inferred in previous studies [12], [15], [16], [78], [79].

The EPB assesses the presence of specific soft tissues by evaluating them through Levels
of Inference, which indicate three levels of confidence based on the evidence of correlation
within the encompassing taxa that serve as a reference. Firstly, when both extant species
bracketing an extinct organism share a specific soft tissue and its associated osteological
features, it constitutes the highest level of inference (Level 1). This suggests a very high
probability that the extinct organism also possessed that soft tissue. Secondly, when only
one of the extant species has the specific soft tissue, it is considered an intermediate level of
inference (Level 2). In this case, since the soft tissue is not universal in both extant species, it
becomes uncertain whether the extinct species had that feature. Lastly, when neither of the
extant species possesses the specific soft tissue, it is classified as the lowest level of inference
(Level 3). Here, the inference is highly speculative, and any hypothesis about the presence
of that soft tissue in the extinct species is based on very weak evidence. Additionally, in the
EPB, when inferring soft tissues without osteological evidence, such as attachment marks
on bones, three corresponding levels (Level 1’, 2’, 3’) are defined.

First, for CFL, GE, GI, IT, the highest level of inference (Level 1 or 1’) has been predicted
for their presence in the hindlimb musculoskeletal system of dinosaurs, as shown by Car-
rano et al. [15], Schachner et al. [78], Piechowski et al. [12], Bishop et al. [16], and Smith et
al. [79]. This suggests a very high probability of their existence in this context. On the other
hand, the inference for the tendon CFLT, which diverges from the CFL, has been estimated
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only by Carrano et al., and it is at an inference Level 2 [24]. In the case of CFLT, a difference
arises between the proposed approach and the EPB methodology.

The most crucial difference is that the EPB approach [12], [16], [78], [79] does not rec-
ognize CFLT as a component of the muscular system. Since the musculoskeletal system is
composed of dozens of muscles, it may not be considered that tendons that do not have ac-
tive functions exist, as it would require a huge amount of effort to infer all of their existence.
In addition, since CFLT exists only in crocodilians and its function has not been shown to be
necessary so far, it may not have been considered in the EPB. Furthermore, there is also a dif-
ference in the possibility of the existence of CFLT. Carrano et al. inferred the CFLT at Level
2, suggesting that the CFLT in the musculoskeletal system of Tyrannosaurus Rex is reduced
or absent. On the other hand, in the muscular system that realizes the stance of crocodilians
and dinosaurs revealed in this study, CFLT was an essential element that realizes the passive
interlocking of joints. Based on this result, the CFLT existed with a very high probability.

However, even if the proposed approach can be used to propose a locomotion mecha-
nism for dinosaurs, it is difficult to guarantee its rationality. In order to understand a more
rational mechanism, it is essential to construct a mechanism in a broader framework, such
as all reptiles or all terrestrial vertebrates, rather than just the closest species of dinosaurs.
For example, since CFLT has been confirmed to exist in lizards [36], [86], it is also essential
to understand the locomotion mechanism based on the mechanical functional morphology
of the lizard hindlimb.

6.2 Summary of this dissertation

Dinosaurs were one of the most successful species of terrestrial vertebrates that ever existed
on Earth, and they succeeded in long-term prosperity and unparalleled diversification of
their bodies. Their forms ranged from bipedal and quadrupedal to small and large, with
some exceeding 20 m in length. The locomotion mechanism that supported their diverse
bodies and prosperity was very versatile in relation to their body size and was well adapted
to the terrestrial environment of the Earth. If such an excellent locomotion design principle
is revealed, we might enrich engineering knowledge, such as the development of walking
robots.

In order to reveal the design principle of locomotion of dinosaurs, it is necessary to clar-
ify the locomotion mechanism based on the mechanical function realized by the morphology
of the limb’s musculoskeletal system, which is the source of locomotion. Such locomotion of
terrestrial vertebrates is realized not only by the active action of muscles but also by the pas-
sive behavior of the skeleton, muscles, tendons, and the interaction with the environment.
Against this background, this study aims to clarify the locomotion mechanism of dinosaurs
in which the active function and the passive function of the musculoskeletal system, which
is the source of locomotion, are well combined.

However, the only remaining element that makes up the musculoskeletal system of di-
nosaurs is the skeleton. Therefore, the morphology and function of soft tissues such as
muscles and tendons need to be restored based on the musculoskeletal system of dinosaurs’
relatives, crocodiles, and avians. For this purpose, this study first clarifies the fundamental
locomotion mechanism of crocodiles and avians, which are closely related species. Then,
the fundamental mechanism of locomotion of closely related species is applied to the skele-
ton of dinosaurs to construct the musculoskeletal system, and it is verified whether the same
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movement as that of closely related species can be realized. Finally, the fundamental mecha-
nisms based on crocodiles and avians are integrated to construct the locomotion mechanism
of dinosaurs.

In this doctoral dissertation, as part of the proposed approach, we first attempted to
elucidate the fundamental locomotion mechanisms of crocodilians and avians by using dis-
section and physical modeling. Next, we constructed a musculoskeletal system of dinosaurs
based on the mechanisms obtained from extant sisters and verified whether it is possible to
realize locomotion similar to extant sisters.

Chapter 2, we attempted to elucidate the mechanism by which crocodilians achieve a
standing posture during the stance phase of locomotion (high walk) without touching their
bellies to the ground and by keeping their limbs upright, as dinosaurs do, by using dissec-
tion and physical modeling. In the dissection, we hypothesized that the standing posture
of the hindlimb is achieved by the passive coordination of the main joints of the hindlimb
by the traction force of the caudifemoralis longus muscle, which originates from the tail and
stops at the femur, and the ground reaction force obtained by the interaction with the en-
vironment. To verify this hypothesis, we created a physical model of the skeleton by CT
scanning the hindlimb bones and reconstructing them with joints. Then, we constructed a
robotic model of the musculoskeletal system by placing caudifemoralis longus, gastrocne-
mius externus, and a tendon connecting the two muscles. When traction force was applied
to this model, it was able to achieve a standing posture, and further increasing the trac-
tion force generated a movement similar to the stance phase of a high walk. Furthermore,
when the gastrocnemius muscle internus was added to this musculoskeletal system as a
passive muscle, it prevented the collision between the tibia and the metatarsal bone caused
by excessive dorsiflexion of the ankle joint. This result revealed that gastrocnemius inter-
nus passively restricts the range of motion of the ankle joint in the dorsiflexion direction by
elongating at its natural length.

Chapter 3, we experimentally investigated the mechanical function of the iliotibialis
muscle, a two-joint muscle that spans the hip and knee joints, using the physical model
of the crocodilian hindlimb bones created in Chapter 2. As a result, it was revealed that
the iliopsoas restrict the range of motion of hip extension and knee flexion by elongating at
its natural length, thereby coordinating the movements of both joints. Furthermore, adding
the iliotibialis muscle to the stance mechanism of the crocodilian hindlimb revealed that it
assists in knee extension and increases the frictional force around the calcaneus throughout
the stance phase.

Chapter 4, we investigated in detail the mechanism by which the engage-disengage
mechanism (EDM), known to extend or flex the joint passively, is realized in the intertarsal
joint of running birds using dissection and physical modeling. First, we investigated the
muscles and ligaments that contribute to the action of the EDM by dissection and then con-
structed a physical model to reproduce the function of the EDM using a three-dimensional
model of the ostrich skeleton. As a result, it was shown that the articular surface of the
distal end of the metatarsal bone has a cam-like function by measuring the passive rota-
tional torque of the intertarsal joint and the displacement of the spring that mimics the
ligament. Furthermore, it was revealed that the articular surface shape that realizes the
EDM can be determined mainly by the arrangement and displacement of the two medial
ligaments, LCML and LCM. The mechanism of passively generating joint movement by the
cam-like shape of the distal end of the bone and the constraint of the ligament may exist in
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joints other than the intertarsal joint, providing a new perspective on joint control. In addi-
tion, by introducing such a joint into the design of a walking machine, it is possible to realize
the passive interlocking of joint movement and simplify the control of the swing phase of
locomotion.

Chapter 5, we attempted to verify the possibility of realizing a standing posture by intro-
ducing the standing mechanism of the crocodilian hindlimb into the skeleton of dinosaurs
homologously. First, we constructed a hindlimb skeletal model of dinosaurs using the skele-
ton of Protoceratops andrewsi, and then constructed a physical model of the hindlimb mus-
culoskeletal system by constructing a muscle system that passively interlocks to achieve a
standing posture as observed in the crocodilian hindlimb. Using this model, we achieved a
standing posture as in crocodilians by actively contracting the caudifemoralis longus mus-
cle. Furthermore, it was confirmed that even if the initial posture was different, it converged
to a specific stance posture, indicating the possibility of controlling the trajectory by pas-
sively restricting the joint’s range of motion by the muscle’s passive behavior.

The locomotion mechanism of dinosaurs that could be revealed in this doctoral disser-
tation was limited to the mechanism that realizes the standing posture of the hindlimb.
However, we were able to show a locomotion mechanism in which the active function and
the passive function of the musculoskeletal system are well combined, which could not be
revealed by the reconstruction of the morphology of the muscle system by extant phyloge-
netic bracketing as in previous studies [16], [17]. In previous studies on locomotion based on
the musculoskeletal dynamics model of dinosaurs, the primary approach was to construct
locomotion by adjusting the timing of activation of many muscles by trajectory tracking
or optimization methods. However, as shown in this study, the musculoskeletal system of
dinosaurs autonomously controls part of the locomotion by the coordination of multi-joint
caused by the insert at multiple points of muscles and tendons and the connection with
other muscle systems and the restriction of the range of motion of the joint caused by the
elastic tension due to the elongation at the natural length of the muscles and tendons. These
functions are the essence of the morphology of the musculoskeletal system, and unravel-
ing the mechanical intention of the morphology will lead to a better understanding of the
mechanism of natural locomotion.

6.3 Future work

The locomotion mechanism of dinosaurs that could be revealed in this dissertation was lim-
ited to the fundamental mechanism of achieving a stance posture of the hindlimb. This
result is only a tiny part of the locomotion mechanism of dinosaurs. In order to understand
the overall locomotion mechanism of dinosaurs, it is necessary to clarify the mechanisms
of the stance phase, the swing phase, the coordination of the left and right limbs, and the
movement of the forelimbs. To this end, it is necessary to fully elucidate the basic locomo-
tion mechanisms of crocodilians and avians, which are the basis for constructing dinosaur
locomotion.

In addition, if we can reveal the locomotion mechanism based on the morphology and
function of the musculoskeletal system of crocodilians and avians according to the approach
of this study and reproduce it by a physical model, it is necessary to evaluate whether it
is plausible. This evaluation can be performed by comparing the observed data of actual
animal locomotion, such as the range of motion of the joints [25], [31], [46], [50], [52], ground



6.3. Future work 53

reaction force [31], walking patterns of each limb [43], and muscle activation patterns [31],
[32], [50]. However, for the locomotion of dinosaurs constructed based on the locomotion
mechanism of closely related species, it is impossible to evaluate it based on the observed
data of actual locomotion because they are extinct. In this regard, the range of motion of
the joints estimated from the skeleton [16], [44], [87] and the footprints that preserve the
behavior of dinosaur locomotion [88] will be clues for the evaluation.

Finally, the ultimate goal of this study was to construct a general locomotion design
principle that can be applied to various forms based on the locomotion mechanism of di-
nosaurs. In order to achieve this goal, it is necessary to apply the locomotion mechanism
of dinosaurs revealed in this study to skeletons of dinosaurs with various sizes and gaits
and verify whether locomotion can be realized. In this case, it is important to know what
elements can be parameters when applying them to the skeleton of dinosaurs. For exam-
ple, in this study, when the stance mechanism of the crocodilian hindlimb was applied to the
skeleton of dinosaurs, the stance posture was realized only by the active traction of the caud-
ifemoralis longus muscle by adjusting the length of each muscle and tendon as parameters.
These parameters will be revealed by applying them to skeletons of dinosaurs with various
forms. The other parameters are expected to include the presence or absence of active action
of each muscle, viscoelasticity of the muscle system, and the timing of contraction of each
muscle when there are multiple active muscles.

Furthermore, once the elements of the parameters are known, the next task is to de-
termine the values of the parameters. In this study, when the stance mechanism of the
crocodilian hindlimb was applied to the dinosaurs’ skeleton, the muscle system’s length
that realizes the standing posture was searched for by trial and error. However, suppose a
musculoskeletal dynamics model is constructed, and the condition of each muscle length or
tension that maintains the standing posture by the balance of muscle tension is obtained. In
that case, it can be used as indices. However, when determining the parameter value based
on the mechanical analysis, it is expected that the problem of which solution to choose will
arise when multiple solutions exist. In order to solve this problem, it is necessary to clarify
the indicators derived from the locomotion of crocodilians and avians, which are the basis
of the dinosaur’s mechanism.

Through the above process, if the locomotion mechanism based on the morphology and
mechanical function of the musculoskeletal system of dinosaurs and the parameters applied
to various forms are revealed, the framework for realizing universal terrestrial locomotion
might be constructed (Fig. 6.1).

Universal
telestial
locomotion
frameworkDinosauriaDynamic

Functional
Morphology

M.a
M.b
M.c

Dinosaur musculoskeletal system 
model

FIGURE 6.1: The process of constructing the universal telestial locomotion
framework.
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