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Closed kinematic chains (CKCs) are widely used in mechanical engineering because they provide a simple
and efficient mechanism with multiple applications, but they are much less appreciated in living tissues.
Biomechanical research has been dominated by the use of lever models and their kinematic analysis,
which has largely ignored the geometric organization of these ubiquitous and evolutionary-conserved
systems, yet CKCs contribute substantially to our understanding of biological motion.

Closed-chain kinematics couple multiple parts into continuous mechanical loops that allow the
structure itself to regulate complex movements, and are described in a wide variety of different or-
ganisms, including humans. In a biological context, CKCs are modular units nested within others at
multiple size scales as part of an integrated movement system that extends throughout the organism and
can act in synergy with the nervous system, where present. They provide an energy-efficient mechanism
that enables multiple mechanical functions to be optimized during embryological development and
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increases evolutionary diversity.
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1. Introduction

Closed kinematic chains (CKCs) have been used in mechanical
engineering since at least the beginning of the Industrial Revolution
because they provide a simple and efficient mechanism with
multiple applications (Phelan, 1962). They combine multiple parts
into continuous mechanical loops, with each influencing the me-
chanical behaviour of all the others in the system, and enabling the
controlled transfer and amplification (or attenuation) of force,
speed and kinetic energy (Fig. 1). However, while CKC linkages have
been referred to as ‘complex lever systems’ (Alfaro et al., 2004), this
description does not do them justice in a biological context because
of the particular ways in which they relate to each other.

Modern anatomy has taken many centuries to accumulate a vast
body of knowledge. It has classified structures according to the
thinking of the day and sought to understand their functions using
the latest technologies, but established conventions have allowed
many important issues to be overlooked. The dissections of Vesalius
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(1514—1564) were important in overturning the dominant (but
largely erroneous) anatomical wisdom that had prevailed since the
time of Galen (c129—c200 CE), but his depictions of the musculo-
skeletal duality have dominated our assessments of motion
(Rifkin and Ackerman, 2006) and it is only relatively recently that
the connective tissues have received the attention they deserve
(Gracovetsky, 2008; Guimberteau and Armstrong, 2015; Schleip
et al., 2012; Still, 1899).

Similarly, orthodox views of movement are essentially based on
the mechanics of man-made machines described in the seven-
teenth century and a numerical system of kinematic analysis that
greatly simplifies the anatomy (Brown and Loeb, 2000; Scarr and
Harrison, 2016; Van Ingen Schenau, 1994), and although this
approach has become the standard method of examining the forces
and torques involved in joint motion (Rankin et al., 2016; Zajac
et al,, 2003), much less attention has been paid to the morpho-
logical geometry.

Biological CKCs are now examined from a more qualitative
perspective that considers them as modular units nested within
others at every size scale and part of an integrated movement
system that extends throughout the organism (Levin, 2006; Turvey
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Fig. 1. a) and b) Planar four-bar mechanics. Two 4-bar shapes showing the pin-joints,
trajectories and limits of three moving bars in relation to a fixed reference bar (bold)
for each one, and how the motion of each bar is controlled by the relative positions of
all the others, with the non-linear relationship between the changing angles (2 and p)
defining its mechanical properties (see later Simple analysis section). Some common 4-
bar arrangements: c) uncrossed; d) conversely crossed; e) inversely crossed; f) inward
(delta) and outward (kite) folding.

and Fonseca, 2014; Wilson and Kiely, 2016). Each part is structurally
and functionally connected with all the others and contains a
sequence of nested sub-systems that extends down to the cellular
and molecular levels and is evolutionarily designed to respond to
the specific loadings imposed (Simon, 1962; Clune et al., 2013; Kiely
and Collins, 2016).

These linkage systems show how the position and orientation
of each anatomical part results from the mechanical behaviour of a
huge number of inter-linked tissues. They enable the structure
itself to respond instantly to rapidly changing conditions and
regulate complex movements in ways that are beyond the sole
capability of the nervous system (Brown and Loeb, 2000; Kiely and
Collins, 2016; Valero-Cuevas et al., 2007). The analysis of CKC
geometries then reveals how multiple mechanical properties can
be functionally compared between different parts of the body and
other species, and optimized between different tissues during
embryological development. It also provides a mechanism for
increasing evolutionary diversity (Alfaro et al., 2004, 2005;
Wainwright et al., 2005).

CKC geometries have been described in the feeding mechanisms
of crustaceans (Claverie et al., 2011; Summers, 2004), fish (Alfaro
et al.,, 2004; Hulsey et al., 2005), amphibians (Kleinteich et al.,
2008), reptiles (Kardong, 2003), the flight mechanics of insects
(Miyan and Ewing, 1988; Walker et al., 2012) and birds (Biewener,
2011; Hedrick et al., 2012), and the limbs of mammals (Van Weeren
et al., 1990) but are much less recognized in humans (Bradley et al.,
1988; Huson, 1997).

Although ‘kinematic analysis’ and the lever model are widely
used in biomechanics, the qualitative assessment of CKC geome-
tries in living tissues has received little attention, with Vogel (2013,
p.401) declaring that “we mammals make no great use of multi-bar
linkages”. It is thus the intention of this paper to highlight their
significance as  ubiquitous,  mechanically-efficient  and
evolutionary-conserved structural arrangements with many ad-
vantages to human physiology, because kinematics is all about the
geometry of motion.

1.1. The 4-BAR kinematic chain

The simplest geometric arrangement that enables the structure
itself to control motion is the planar 4-bar, where the length and
position of each bar (linkage) determines the behaviour of all the
others in the system, and the angular relationships between them
define its mechanical properties (Fig. 1). In comparison, 3-bar
shapes (triangles) are crucially important because of their
inherent stability, while those with five and more bars are uncon-
trollable on their own (although their importance in more complex
systems is described later), which makes the planar 4-bar the best
model to start describing this mechanism in biology (Muller, 1996).

1.2. The coupling of multiple tissues

The most thoroughly investigated 4-bar mechanisms in biology
have been described in the feeding mechanisms of fish (Alfaro et al.,
2004; Hulsey et al., 2005; Muller, 1996) (Fig. 2) where the jaws,
neurocranium, hyoid, suspensoria (cheeks) and opercula (gill
covers) are part of multiple CKCs that are coupled together and
mutually change shape; and permit the rapid expansion of the head
and buccal cavity, mouth opening, sucking in and containment of
the prey (Roos et al., 2009; Konow and Sanford, 2008). These
mechanisms are also very efficient because they use a relatively
small number of muscles to initiate complex movements in struc-
tures that are coupled together and operate in different planes.

Although there is considerable variation between species, such
mechanisms enable those structures without direct muscular at-
tachments to move with remarkable force and speed, and with a
total prey capture period of less than fifty milliseconds in the large-
mouth bass (Westneat and Olsen, 2015) and twenty-five millisec-
onds in the seahorse (Roos et al., 2009). Such quadratic feeding
systems that couple upper jaw motion relative to the braincase
have also been described in reptiles (Herrel et al., 1999; Montuelle
and Williams, 2015) and birds (Bock, 1964; Gussekloo et al., 2001).

1.3. Amplification of force and speed

This ability of the 4-bar mechanism to amplify force and speed is
well illustrated in the pantograph, where the output pen is able to
move a greater distance and at a faster rate than the input stylus
(Fig. 3a). Its non-linear behaviour is intrinsically related to the ge-
ometry and is an emergent property that in a biological context
enables the system to amplify muscular input and produce
considerably greater amounts of force and speed, with the structure
itself guiding motion. It is well demonstrated in the feeding
mechanism of the mantis shrimp (Claverie et al., 2011; Summers,
2004) (Fig. 3b).

Here, the large muscle situated within the thorax causes the
chitinous 4-bar mechanism to change shape and propel the long
raptorial appendage towards the target prey with a force of 1500 N
and within just three milliseconds; and with devastating effect
(Patek and Caldwell, 2005). Such rapid jaw-closing movements are
also found in ants (0.13 ms) (Patek et al., 2006), spiders (0.12 ms)
(Wood et al., 2016) and termites (0.025 ms) (Seid et al., 2008)
although the underlying mechanics have not been detailed as yet.

While many of these linkages in fish are constructed from stiff
bone and cartilage (and chitin in the shrimp) it should be noted that
the bars of some species are replaced by more flexible ligaments
and/or variable length muscles (Hulsey et al., 2005; Roos et al.,
2009), both of which enable other possibilities.
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Fig. 2. a) The coupling of multiple CKCs. A fish skull (perch) showing two of the many coupled 4-bar mechanisms that facilitate mouth opening and sucking in of the prey (Day,
1889); and b) & c) how muscles (large arrows) change the relative position of individual ‘bars’ (small arrows) and alter the shape of multiple CKCs during feeding.

A7

b Raptorial appendage

Fig. 3. a) The pantograph configuration showing the amplifying (or attenuating) ability of the 4-bar; b) the body of a mantis shrimp showing how muscle contraction changes the
shape of the 4-bar in a similar way and enables the rapid amplification of force and speed of its raptorial appendage (reproduced with modifications from Claverie et al., 2011, ©John

Wiley & Sons).

14. Tensional and compressional stiffness

1.4.1. Ligamentous links

In higher organisms, one of the best-known examples of these
coupled linkages is in the knees of humans and other tetrapods
(Haines, 1942), where the tensionally stiff cruciate ligaments
contribute to regulating the motions of the femur and tibia in
relation to each other (Bradley et al., 1988; Weissengruber et al.,
2006); and the Jacob's ladder toy nicely demonstrates this princi-
ple (Fig. 4). In this case, it is the tensional-stiffness of the ligaments
that combines with the compressional-stiffness of the bones and
contributes to guiding movement. Although ligaments have tradi-
tionally been considered as passive restrainers of motion it is clear
that they can play more dynamic roles in joint mobility (KKim et al.,
2002; Van der Wal, 2009).

1.4.2. Muscular links

Muscles are obviously prominent in biomechanical analysis
because of their ability to initiate changes in position and move-
ment through neural control, but while mono-articular muscles
might be considered as variable-length bars within single-joint 3-
bar systems, bi-articular muscles can form tensionally stiff bars
within 4-bar CKCs that enable the motion of one joint to be directly
coupled with that of another.

For example, the hind-legs of ungulates (hoofed animals) tend
to have short muscle/long tendon combinations that control the
relatively small movements of the knee, ankle and foot joints

(Dimery et al, 1986; Biewener, 1998), with the bi-articular
gastrocnemius muscle and (mostly tendinous) peroneus tertius
contributing to two related but distinct 4-bar systems (Van Weeren
et al.,, 1990) (Fig. 5a and b). In detail, these are the peroneus tertius-
femur-tibia-tarsals and gastrocnemius-femur-tibia-tarsals, respec-
tively. Fig. 5¢ then shows how the isometric contractions of these
two muscles form stiff bars that balance each other within a
‘higher-order’ CKC system that guides, locks and stabilises move-
ments of the knee and ankle.

In the lower limbs of humans, the bi-articular rectus femoris and
hamstrings also act within their respective 4-bars (rectus femoris-
pelvis-femur-tibia and hamstrings-pelvis-femur-tibia) to coordi-
nate the much greater ranges of motion in the hip and knee joints,
and contribute to a higher-order arrangement (Fig. 5d and e). They
also link with gastrocnemius and another 4-bar (gastrocnemius-
femur-tibia-tarsals) that couples and guides knee and ankle
movements (Van Ingen Schenau et al., 1987) (Fig. 5f).

1.4.3. The ‘active’ tendon

The placement of muscles towards the more proximal part of
the limb, and long tendons to control the distal part with each one
operating within its own CKC network, is an evolutionary strategy
that efficiently reduces limb inertia and the amount of effort
needed to move (Cleland, 1867). Axially-stiff tendons can be
routinely stretched up to six percent of their length and store elastic
strain energy that can be released later, and because they can recoil
much faster than muscles can shorten, enable the rapid elevation of
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Fig. 4. a) Ligaments within the CKC system. A stylized diagram of the human knee joint (lateral view) showing the cruciate ligaments as part of a conversely-crossed 4-bar system
that guides motion of the bones; and b) the ‘Jacob's ladder’ toy demonstrating this principle.
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Fig. 5. a—c) Muscles within the CKC system. Schematic diagram of the hind limb of the horse showing: a) the muscle, tendon and ligament system that guides motion of the more
distal joints (re-drawn after Van den Bogert, 2003); b) the gastrocnemius and (mostly tendinous) peroneus tertius as the bars of two distinct but connected 4-bar systems; c) the
resulting ‘higher-order’ CKC that couples the relatively small amounts of movement in the knee and ankle joints. 5d-f) Schematic diagram of the human lower limb showing: d) the
rectus femoris and hamstring muscles as the bars of two distinct but connected 4-bar systems; e) the higher-order 4-bar that couples flexion and extension of the hip and knee

joints; and f) links with the gastrocnemius CKC.

the neurocranium during fish feeding (Van Wassenbergh et al.,
2008) and a much greater jumping ability than would otherwise
be the case in horses (Biewener, 1998), wallabies (Biewener et al.,
2004) and humans (Van Ingen Schenau, 1994).

1.5. Muscular force generators

This ability of bi-articular muscles to flex one joint whilst
simultaneously extending another was recognized by both Galen
(c130-c210) and Borelli (1608—1679) (Van Ingen Schenau, 1994)
but did not really attract much attention until the nineteenth-
century (Cleland, 1867), after which the mutual contraction of
apparently antagonistic multi-joint muscles became known as
‘Lombard's Paradox’ (Lombard, 1903; Kuo, 2001), but the full sig-
nificance of this remained unclear.

In humans, the strongest muscles in the lower extremity are the
mono-articular gluteus maximus, vastus lateralis and soleus (Lieber

and Ward, 2011), with each one causing movement of the single
joint that it crosses, but as muscles can only shorten by about 30% of
their resting length, they leave a potential shortfall in movement
that must be filled by the action of others. Bi-articular muscles are
able to fill this deficit because they can act effectively over the full
range of both joints (Fig. 5), or restrict the motion of one whilst
enhancing that of the other, and an isometric contraction enables
them to transfer energy from one joint to the other (Prilutsky and
Zatsiorsky, 1994; Voronov, 2004).

While rapid muscle contractions generate a smaller amount of
force than slow ones, the bi-articular (4-bar) configurations are able
to compensate for this handicap by exhibiting a smaller length
change, and reduced contractile velocity, than that of two mono-
articular muscles for the same amount of joint motion (Lieber
and Ward, 2011). They also include both groups of muscles in a
more comprehensive scheme, as they transfer the combined power
from one part of the body to another through a system of inter-
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linked CKCs, and have a profound effect on movement.

1.5.1. The transfer of power

For example, any attempt to jump from a standing position (hips
and knees in extension) will result in rather poor performance, as
the generation of power is largely limited to those muscles that
plantar flex the ankle/foot, but jumping from a semi-crouched
position can be quite different. In this case, contraction of the
gluteus maximus and hamstrings in extending the hip can be
coupled with the action of vastus lateralis and rectus femoris in
extending the knee, and soleus and gastrocnemius in plantar flex-
ing the ankle (Fig. 5d—f), and enable the power generated by all
these muscles to be effectively transferred to the ankle and foot
(through changes in shape of the inter-linked CKCs) and cause a
much greater amount of ‘lift off’ (Gregoire et al., 1984; Prilutsky and
Zatsiorsky, 1994; Van Ingen Schenau et al., 1987).

As the positional status of each joint is dependent on the actions
of both mono- and bi-articular muscles, the latter of which are
inherently part of 4-bar systems that include multiple joints and
force pathways, the effect of each muscle contraction can thus
become distributed over a wide anatomical field (Stecco, 2004). The
transference of power through the coupling of multiple CKCs may
then be a contributing factor that enables such activities as rock
climbing, where the entire body can move around and be sup-
ported from just the tips of the fingers; or the anecdotal ‘super-
human’ ability to lift overly heavy objects, as the forces generated
by multiple muscles are re-distributed in a task-specific way.

This inclusion of CKC mechanics into the normal physiology of
movement thus questions the traditional notion of muscle ‘antag-
onism’ and reduces any enigma surrounding Lombard's so-called
paradox (Kuo, 2001; Lombard, 1903).

2. The ubiquity of closed kinematic chains
2.1. Expanding the detail

Of course, all the examples given so far are gross simplifications
of the anatomical reality but they do illustrate the basic principles
of this mechanism. Two key properties that enable these systems to
behave in the ways described are the axial stiffness of the bars and
their closed-chain configuration, with each bar/CKC module directly
influencing those adjacent to it and maintaining the dynamic sta-
bility that is inherent in movement. While bones, dense cartilage
and chitin have a relatively high compressional-stiffness, so their
more flexible ligamentous, tendinous and fascial counterparts
(with tensional-stiffness and different mechanical properties) in-
crease the versatility of this mechanism, and the addition of
variable-length muscles as bars under neural control then
dramatically expands its potential.

2.1.1. Multiple orientations

These CKCs have largely been considered as acting within a
plane, which greatly simplifies their analysis (Muller, 1996), but
they do not operate in isolation (Huson, 1997). The various bars that
contribute to motion of the jaws, hyoid and operculum etc in fish
are structurally and functionally coupled together but operate in
different planes, with the power sources provided by both local and
more distantly placed swimming muscles in the body wall (Camp
et al,, 2015; Westneat and Olsen, 2015) (Fig. 2). Similarly, the var-
ied origins and alignments of muscles that rotate the human hip
joint will inevitably influence the spatial orientations of the ‘rectus
femoris’, ‘hamstrings’ (Fig. 5d) and other CKCs that couple the hip
and knee together (‘sartorius’, ‘tensor fascia lata’ etc), and the same
principle applies across every joint (Huson, 1997; Stecco, 2004).

2.1.2. Multi-link bars

It should also be noted that the linkage bars in certain species of
fish consist of multiple bony and ligamentous elements (Roos et al.,
2009; Hulsey et al., 2005), and that the muscle/tendon, rectus
femoris/patella and ankle/foot bone combinations in horses and
humans have all been considered as single bars for illustrative
purposes (Fig. 5). In reality, every anatomical structure is composed
of smaller parts, with each one structurally and functionally con-
nected with all the others and containing a sequence of nested sub-
systems that extend down to the cellular and molecular levels
(Simon, 1962); and the interactions between them are all contrib-
uting to the dynamic behaviour of the larger CKC system.

2.2. The global heterarchy

While anatomical classifications have traditionally used a hier-
archical system of top-down ‘large important structures followed
by smaller and less significant ones’, so this elucidation of CKC
mechanics recognizes that all these tissues and the sub-structures
that form them are in a reciprocal and mutual relationship,
where the mechanical behaviour of each one potentially influences
all the others at every size scale and warrants the term ‘heterarchy’
as amore inclusive descriptor (Turvey and Fonseca, 2014). Similarly,
the ‘pin-joint’ connections between the bars are just a simplified
short-hand that disguises the way in which these different axially-
stiff tissues really interact with each other (Figs. 2—5), and which
explains why it is misleading to refer to these constructs as ‘com-
plex lever systems’.

2.2.1. ‘Pin-joints’ and levers

Pin-joints describe the points of rotation around which adjacent
structures move and are widely used in movement analysis as a
way of simplifying the resulting calculations (Fig. 1), but living
structures do not move around fixed fulcrums. Bones follow more
complex helical pathways (Van den Bogert, 2008; Weissengruber
et al, 2006) with all the tissues that connect them together
contributing to this, and a moving fulcrum dramatically compli-
cates their control.

To reiterate, the notion of fulcrums is part of lever theory and the
standard biomechanical approach to examining the forces and
torques involved in joint motion, both of which are based on the
working of man-made machines; but as levers inherently generate
bending moments and potentially damaging stress concentrations
that must be contained within the engineered design (Salvadori,
2002, p. 84), so it is likely that these stresses would cause mate-
rial fatigue if they appeared in developing tissues, and that would
really be the end of them (Levin, 1995).

Lever theory has undoubtedly provided valuable information in
the development of artificial joints, limbs and robotics but essen-
tially dictates that synovial joint surfaces must be compressed; and
it has been definitively shown that normal joint surfaces in the
human knee do not behave like this (Hakkak et al., 2015; Levin and
Madden, 2005; Terayama et al., 1980), which thus questions the
reliability of lever theory to describing the actual biology.

The current use of the term ‘pin-joints’ thus recognizes that both
the bars and the connections between them are multiple structures
acting within their own closed-chain modular systems at different
size scales, and because there is no true fulcrum or bending-
moment around which a lever can act, any formulaic prediction
about joint function will always be an approximation (Brown and
Loeb, 2000; Humphrey, 2003); a point that is frequently
overlooked.

2.2.2. Biotensegrity
This integration of multiple parts into a more comprehensive
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movement system is thus fully compatible with the concept of
biotensegrity: a structural design principle that recognizes that
stability and ease of movement are not due to the strength of in-
dividual components but because of the way the entire system is
configured to distribute mechanical forces (Levin, 1995, 2006;
Scarr, 2014; Wilson and Kiely, 2016) (Fig. 6).

Biotensegrity considers that a living organism is really a com-
plex balance of force vectors, and that it is the efficient separation of
the forces of tension and compression into different structural
modules (‘bars’) that enables them all to change shape with the
minimum of effort and automatically return to the same position of
stable equilibrium. The compressed and tensioned bars within any
particular CKC module are then not acting on their own but within a
much larger inter-linked structural entity, with the configuration
enabling each one to mechanically influence the behaviour of all
the others in the system yet remain completely stable (dynamic
stability) throughout such changes (Scarr and Harrison, 2017).

Biotensegrity offers distinct advantages in cyclic systems, where
each part must move in a coordinated way that rapidly adapts to
the ever-changing environment but whose control is beyond the
sole capability of neural processing networks (Brown and Loeb,
2000; Kiely and Collins, 2016).

2.3. The control of motion

While the motor cortex and central pattern generators regulate
cyclic and purposeful movements, complex reflex patterns in the
brainstem and spinal cord exchange information between different
parts of the movement system, and they all depend on a vast
amount of sensory input. Reflex systems assimilate this and initiate
muscle contractions in ways that supplement supra-spinal control,
but their ability to respond to unexpected changes within the
system is incomplete as even the fastest mono-synaptic reflex ex-
periences a time-delay (Brown and Loeb, 2000).

A regulatory system that is embedded within the structure itself
thus has a distinct evolutionary advantage (Kiely and Collins, 2016;

Fig. 6. The multi-bar CKC tensegrity model (T-icosa) maintains its stability through
the balance of structures under tension and others under compression, and highlights
the relatively fixed 3-bar ‘tension triangles’ (white) that allow the non-planar 4-bar
CKCs (dotted) to change shape (like the partial opening and closing of a butterfly
wing) and move the structure in a controlled way (dynamic stability) (photo: Rory
James, reproduced from Scarr, 2014, Handspring).

Levin, 2006; Turvey and Fonseca, 2014) as the interactions between
multiple force vectors and CKC modules guide changes in the po-
sition of each part and the nervous system (where present) acts at a
higher level of control.

2.3.1. The information processing network

For example, Valero-Cuevas et al. (2007) noted that there are an
insufficient number of muscles to determine all the different finger
joint positions on their own and that the extensor tendon network
(CKCs) operates synergistically with the nervous system in regu-
lating their motion (Fig. 7). Here, the tensional forces generated by
each muscle contraction are transferred to the three-dimensional
connective tissue network through long tendons, but they do not
simply move the bones. It is the relative differences in tension that
alter the balance of forces within the network and switches the
system between different functional states, thus changing the po-
sition of the bones in relation to each other and the ‘shape’ of the
finger. It is the structure itself that is processing the information
(force and direction) and performing its own logic computations
that were previously attributed to the central nervous system.

Such a three-dimensional, polyhedral, multi-bar network of fi-
bres (CKCs) has also been demonstrated within the extra-cellular
matrix/fascia, where the tensioned fibres (‘bars’) coalesce and
separate into different geometric arrangements, according to the
forces acting on them during movement, and influence all the
structures that they connect to (Guimberteau and Armstrong,
2015). Dynamic information processing has also been described
in the cellular cytoskeleton, a complex structural network that in-
tegrates chemical signals with mechanical forces exerted by the
extra-cellular matrix and surrounding cells, and switches the cell
between different functional states (Ingber, 2003; Ingber et al.,
2014).

2.3.2. Multi-bar organization

Modular closed-chain organization is thus ubiquitous
throughout the body and a major contributor to the dynamics of
motion, and it is non-trivial. This elucidation focuses on planar 4-
bar geometry because it explains so many of the basic principles,
but these also extend to multi-bar configurations that are oriented
in many different planes and increase the number of degrees-of-
freedom; (Muller, 1996; Guimberteau and Armstrong, 2015;
Kardong, 2003; Rimoli, 2016).

Although five and more-bar modules probably constitute the
majority of biological CKCs, they are mechanically indeterminate on

Dorsal interosseous

Extensor digitorum

<

Dorsal interosseous

Fig. 7. Structural control of motion. Stylized diagram of the human extensor tendon
network (middle finger) indicating the muscles, ‘Winslow's rhombus' and multi-bar
CKCs, with the dots indicating key points of attachment to bone (re-drawn from
Valero-Cuevas et al., 2007).
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their own, but their integration within a more comprehensive
nested system greatly increases the multi-directional motion and
control possibilities. While the foregoing has essentially been a
qualitative assessment of CKC organization there are also other
ways to examine its characteristics.

2.4. The emergence of shape

Biological CKCs can sometimes appear rather random and
arbitrary (particularly at the microscopic scale) but can be
compared with the bubbles in a foam, where each one simply
moves in response to the stresses imposed by its neighbours (and
the system as a whole), and the same basic principle applies at
every heterarchical level (Kapandji, 2012; Levin, 2006). While
mechanical engineering has made great progress in analysing
closed-chain lever systems (Phelan, 1962), it uses methods that are
not ideally suited to living tissues, which prompted Muller (1996)
to introduce a biologically-relevant classification that enables
their mechanical behaviour to be compared between different
parts of the organism and across a wide range of different species;
and which highlights useful information about embryological and
evolutionary processes.

2.4.1. Simple analysis

Fig. 1 showed how the motion of each bar is controlled by the
relative positions of all the others, with the ratio between the input
(o) and output (B) angles on either side of each reference bar
defining the mechanical properties, kinematic transmission — KT.
The value of Muller's (1996) novel system is that it condenses the
virtually infinite number of different 4-bar shapes to a level that can
be meaningfully examined and graphically compares the changing
angular relationships between the bars during motion. It uses just
fourteen different shapes and two parameters (bar length and
arrangement) to distinguish between them.

Fig. 8 shows three of Muller's (1996) shapes with the curves
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displaying the changing KT (ratios) during motion and the different
contours showing the effect of altering the relative lengths of the
bars. Although incremental changes in relative bar length would
eventually cause all the shapes and KT curves to merge into a multi-
dimensional continuum, the pattern of each curve is distinctive
enough to allow the changing mechanical properties of any 4-bar
shape to be graphically compared and new insights gained.

Muller's (1996) classification looks at the complexity inherent in
biological systems by simply comparing the effect of changes in the
relative lengths of the component bars and the overall geometry,
and this graphic representation shows that 4-bar mechanics differ
substantially from those of the traditional lever model in two
important respects.

First, their changing morphology (shape) maps non-linearly to
KT, an emergent property where changes in shape lead to dispro-
portionate changes in response and which enable the amplification
(or attenuation) of force, speed and kinetic energy.

Secondly, the shape of the 4-bar maps redundantly to KT, which
means that different combinations of bar lengths can produce the
same mechanical property (KT); and this ‘many-to-one’ (MTO)
relationship then has evolutionary implications as it permits a
partial decoupling between morphological diversity and function
(Alfaro et al., 2004, 2005; Wainwright et al., 2005).

2.4.2. Many-to-one mapping

For example, a particular CKC shape will have multiple functions
such as lower jaw depression, maxillary rotation and nasal eleva-
tion in fish (Fig. 2) and it is the relative lengths of the bars that
determine its overall shape and mechanical properties. Alfaro et al.
(2004, 2005) and Wainwright et al. (2005) then used a 3-D graphic
representation to compare the effect of changes in the relative
lengths of the bars and revealed the full range of different 4-bar
shapes with the same mechanical property (KT ratio), and a group
of fish species with different jaw morphologies that all functioned
in a similar way.

1: a =98 b=98 ¢c=106 d=9.8
2:a=93 b=93 c=12.1 d=9.3
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Fig. 8. Comparing the shapes. Muller's (1996) graphic representations of 4-bar mechanics showing the non-linear relationships (kinematic transmission curves) between the
changing input and output angles (o & B), relative to a reference bar (b), for shapes with two different bar lengths: A) trapezoid (T) - three bars of similar length (thin lines for
uncrossed configurations, thick lines for crossed configurations; B) & C) kite shape (K) - adjacent long (1) and short (s) bars (equal length) and showing results for both inward (delta)
and outward (kite) folding, no crossing. Note that the curves vary according to which bar is taken as reference. Reproduced with modifications from Muller, 1996, ©Royal Society.
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Such redundancy is an emergent property of MTO mapping and
shows that the length of the bars can change (through growth and
other developmental processes) and alter the CKC shape
(morphology), while still keeping the same mechanical functions
overall, and that there are many ways of achieving the same
outcome. As a developing organism must remain stable at each
instant of its existence, CKC organization allows each part to change
in length and shape (morphology) while at the same time enabling
multiple mechanical properties to be optimized across the global
network. It also provides a mechanism for increasing evolutionary
diversity (Alfaro et al., 2004, 2005; Wainwright et al., 2005).

2.4.3. It is all about efficiency

The spontaneous appearance of particular geometric shapes in
self-organizing systems is due to the most energy-efficient ar-
rangements of their component parts (bars), and the resulting
mechanical behaviours (e.g. non-linearity) are characteristic fea-
tures that emerge out of this (Fig. 8) and are intrinsic to living
systems. The ability of multiple structures to perform the same
function (redundancy) is an evolutionary strategy that enables the
system to efficiently distribute forces over a variety of different
pathways and compensate for any deficits that arise within the
system; and as a degenerate system, it would also enable the co-
operation of fundamentally different [modular] components to
produce consistently reliable outputs under diversely fluctuating
conditions (Wilson and Kiely, 2016).

Whenever nature uses the same strategy in a variety of different
situations there is probably an underlying energetic advantage, and
embryological development and evolution consistently favours
those patterns and shapes that are the most efficient in terms of
stability, materials and mass. While the flow of energy within a
living organism will always tend towards a minimal and dynami-
cally stable state, the emergence of modularity within a global
heterarchy becomes a crucial organizing principle in what would
otherwise be a completely chaotic system (Clune et al., 2013;
Simon, 1962), and the appearance of non-linearity, redundancy
and degeneracy within a global CKC system contribute to that
process.

3. Conclusion

Examination of closed-kinematic chains across a wide range of
species reveals a ubiquitous and evolutionarily-conserved modular
arrangement that extends throughout the organism at every size
scale. Each part is structurally and functionally connected with all
the others in a mechanical system that responds instantly to rapidly
changing conditions and can act in synergy with the nervous sys-
tem (where present), thus enabling power to be transferred from
one part of the body to another in a task-specific way.

CKCs show how the position and orientation of each anatomical
part results from the mechanical behaviour of a huge number of
inter-linked structures, with each one adjusting itself in response to
the loadings imposed and adapting to changing functional de-
mands, and all within a global biotensegrity configuration. The
characteristics of modularity, non-linearity, redundancy and de-
generacy then typify the efficient self-organizing ability of living
systems, where definable shapes and functions emerge from
complex interactions between multiple parts and dynamically
evolve towards a more energy-efficient state.

Aview of human anatomy as a global network of interconnected
CKCs means that the structures associated with motion can no
longer be considered as distinct entities but mechanically coupled
linkages that reciprocally influence each other within a much
broader scheme. So, far from “we mammals make no great use of
multi-bar linkages” (Vogel, 2013 p. 401), closed kinematic chains

now define a ubiquitous, multi-tasking structural system that
contributes to a more comprehensive assessment of motion.
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