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“ On those stepping into rivers staying the same[,]  

 other and other waters flow.” 

 —  Heraclitus of Ephesus  

(Doctrine of universal flux, 535-475 BCE)1 

 “  The molecules that make up cells and the cells 

that comprise tissues continually turn over; it is 

maintenance of pattern integrity that we call ‘life’. 

Pattern is a manifestation of structure and structural 

stability results from establishment of spatial 

relationships that bring individually destabilized 

structural elements into balance.”  

— Donald Ingber, MD, PhD2 

One of the many important contributions of 

artist, mathematician, and inventor R. Buck-

minster Fuller to science was articulating  

the principles of tensegrity architecture.3,4 Unlike  

typical man-made structures that are stabilized by 

gravitational compressive forces, tensegrity systems are  

stabilized by continuous tension, with discontinuous 

compression.3-5 Applications of tensegrity architecture 

can be seen throughout our world today, from geodesic 

dome buildings6 to deployable structures used by the  

National Aeronautics and Space Administration, or 

NASA, for space exploration.7 But perhaps the most 

notable aspect of tensegrity architecture lies in its ap-

plication to biological organisms.8 

 Research during the past 30 years, spearheaded 

by Donald Ingber, MD, PhD, has demonstrated that 

cells function as independent prestressed tensegrity 

structures.9-17 Further, molecules,18,19 tissues,20,21 or-

gans (bone,22,23 heart,24,25 lungs26-28), and even organ-

isms22,29-33 can all be viewed as tensegrity structures. 

Within these hierarchical biological tensegrity sys-

tems (biotensegrity), the individual prestressed cells 

are poised and ready to receive mechanical signals 

and convert them into biochemical changes, termed  

Biotensegrity: A Unifying Theory of Biological  
Architecture With Applications to Osteopathic Practice, 
Education, and Research—A Review and Analysis
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Since its inception, osteopathic medicine has 
sought to identify the mechanical causes of 
disease and to understand the body’s struc-
ture-function relationship. Research conducted 
during the past 25 years has demonstrated that 
the architectural principles of tensegrity can 
be applied to biological organisms (termed 
biotensegrity) and that these principles 
can demonstrate the mechanical structure- 
function relationship at all size scales in the hu-
man body. Further, biotensegrity at the cellular 
level allows the cell to mechanically sense its 
environment and convert mechanical signals 
into biochemical changes. When applied to  
the principles of osteopathic medicine, bio-
tensegrity provides a conceptual understand-
ing of the hierarchical organization of the 
human body and explains the body’s abil-
ity to adapt to change. Further, biotensegrity  
explains how mechanical forces applied during 
osteopathic manipulative treatment could lead 
to effects at the cellular level, providing a plat-
form for future research on the mechanisms of 
action of osteopathic manipulative treatment.
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Principles of Tensegrity
Tensegrity is an architectural principle put forth by 

Fuller in the 1960s.3,4 Although Fuller formalized the 

principle of tensegrity architecture, he was inspired by 

the sculpture “X-Piece,” created by artist and sculptor 

Kenneth Snelson in 1948.5,45 According to the tenseg-

rity principle, structures are stabilized by continuous 

tension (tensional + integrity = tensegrity) with dis-

continuous compression. In contrast, most manmade 

structures are stabilized by continuous gravitational 

compression. For example, Stonehenge maintains its 

shape on earth because of the compressional force of 

gravity. If taken into space, the individual stone pieces 

of Stonehenge would separate and the structure would 

fall apart. Tensegrity systems, on the other hand, 

would maintain their shape in the absence of gravity. 

  According to Fuller, 2 broad classes of tenseg-

rity structures exist: prestressed and geodesic3,4  

(Figure 1). Prestressed tensegrity structures are formed 

from a series of discontinuous compression-resistant 

elements held within a web of continuous tension el-

ements (Figure 1A). These structures can be altered 

either by adjusting the amount of tensional prestress 

within the structure or by repositioning the intermittent 

compression-resistant elements. In contrast, geodesic 

mechanotransduction.24,34,35 Tensegrity principles and 

mechanotransduction are now of crucial importance 

in our understanding of numerous biological process-

es, from carcinogenesis36-41 to developmental biol-

ogy21,24,42,43 and tissue engineering.20,25,44 

 Scientists from various fields of study are begin-

ning to realize what osteopathic medicine has recog-

nized from its inception: mechanical forces are just as 

important as biochemical signaling in shaping proper 

cell development, function, and pathologic processes. 

At the center of this recognition is an understanding of 

the hierarchical organization of biological organisms, 

with biotensegrity being a leading theory. In the pres-

ent article, I will first define tensegrity architecture and 

biotensegrity, highlighting the scientific evidence for 

these concepts. Then, I will introduce the concept of 

cellular mechanical signal transduction. Finally, I will 

explore the integration of biotensegrity with osteopathic 

principles and practice and propose a key role for incor-

porating biotensegrity principles in osteopathic clinical 

practice, education, and research.

  

A B
Figure 1. 
Models of (A) prestressed and (B) geodesic tensegrity structures.  
The 2 classes of tensegrity systems were founded by R. Buckminster Fuller. 
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Application of Tensegrity Theory to 
Biological Organisms (Biotensegrity)
Intuition tells us that the spinal column cannot really 

function as a “column” in any sense of the word. To ar-

rive at this conclusion, all the mind has to do is picture a 

person holding an advanced back-bend yoga pose such 

as “The Wheel” (Figure 2). It is not surprising, then, 

that application of tensegrity architecture to biologi-

cal organisms (ie, biotensegrity) began with the human 

spine in the 1970s.47 In the early 1980s, scientists began 

looking at the cell as a tensegrity structure.48 Over the 

next 3 decades, the concept of biotensegrity expanded 

markedly and today is being applied at the molecular,18,19 

cellular,2,8-10 tissue,20,21 organ,22-28 and organ system22,29-33 

levels (Figure 3), revealing the true biotensegrity archi-

tecture of biological organisms. Further, each “level” is 

intimately linked to the next in a hierarchical organiza-

tion,9,22,34,49,50 or systems within systems within systems 

(Figure 4). Without question, the most thoroughly re-

searched area of biotensegrity has been at the cellular 

level, led by the work of Ingber. 

  According to Ingber, he was originally introduced to 

tensegrity architecture in 1975 while he was taking an 

undergraduate course on sculpting.2 Using a prestressed 

tensegrity model, his professor demonstrated many me-

chanical properties of tensegrity structures, such as be-

ing stabilized by continuous tension with discontinuous 

compression, being prestressed, responding to external 

forces by transmitting the force throughout the entire 

structure, and returning to its original shape on being 

released from a stretched state. During this time, Ingber 

was also studying the techniques of cell culture in a biol-

ogy course. Ingber thought of the tensegrity models from 

his sculpting course while he was using light microscopy 

to observe the properties of cells grown in cell culture 

and their rapid deformation to a rounded-up ball when 

trypsinized (ie, released from contact with the extracel-

lular matrix [ECM]). Ingber became convinced that cells 

function mechanically as tensegrity structures, and he 

went on to pursue graduate work to prove his theory of 

cellular tensegrity. 

tensegrity structures are stabilized through force tri-

angulation (Figure 1B). Geodesic structures are also 

under prestress but differ from prestressed tensegrity 

systems because the individual elements are capable 

of alternating between generating tension or resisting 

compression, depending on how an outside force is ap-

plied to the structure. Geodesic tensegrity structures 

can be altered by adjusting the number and placement 

of individual tension-compression elements within the 

system, which also changes the level of resting pre-

stress within the system.22 Although Fuller recognized 

2 classes of tensegrity structures, mathematical analysis 

conducted by Robert Connelly, PhD, and Allen Back, 

PhD, at Cornell University revealed that the same set of 

mathematical rules define both prestressed and geodesic 

tensegrity structures.46 

 A number of key elements of tensegrity systems are 

important in applications to biological organisms.9,10,22 

Tensegrity structures are intrinsically self-stabilized be-

cause of their level of prestress and triangulation. This 

self-stabilization, in turn, allows tensegrity systems to 

transfer applied forces throughout their structures, al-

lowing for flexibility while minimizing damage to the 

structure. Further, because of the prestressed nature of 

the system, the tensegrity structure immediately resumes 

its prior shape when an applied force ceases. Finally, 

the continuous tension with discontinuous compression 

within tensegrity structures allows them to be extremely 

efficient, lightweight, and strong. 
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This cellular prestress allows the cell to respond to 

changing external forces by transmitting the forces 

throughout the cell, consistent with tensegrity archi-

tectural principles. Further, when cells are attached 

to a flexible extracellular substrate, they pull on the 

substrate and cause it to wrinkle, demonstrating the 

transfer of prestress within the cell to the extracellular 

environment.8,17 

 After Ingber and others established that cells are 

prestressed, the next step was to identify the tension-

producing and compression-resisting elements within 

the cell. Initial evidence in the late 1980s and early 

1990s compared in vitro biophysical properties of in-

tracellular cytoskeletal components with in vivo immu-

nohistochemical analysis of the cytoskeletal elements.9 

In vitro, isolated microfilaments (actin stress fibers) 

appear entangled like a nontensed rope lying on the 

ground, while hollow microtubules appear straight like 

a rod or beam. In vivo, microfilaments appear com-

pletely straight like a tensed rope and form triangulated 

geodesic networks within the cell, while microtubules 

appear bent like a tree bending in the wind.9 Consis-

tent with established engineering principles (ie, tension 

straightens, compression bends), these observations 

indicated that microfilaments function as tension ele-

 In 1985—10 years after conceiving the concept of 

cellular tensegrity—Ingber formally introduced his the-

ory in a publication coauthored by his mentor James D. 

Jamieson, MD, PhD.48 Heavily scrutinized in the cell 

biology world, Ingber established his own laboratory in 

the mid-1980s and set out to prove that cells functioned 

as tensegrity structures. Ingber (in addition to others) has 

since validated his theory of cellular tensegrity through 

more than 300 scientific publications and more than 40 

patents. Moreover, his research has made lasting contri-

butions to the fields of biology, medicine, and engineer-

ing. Ingber is now a professor of pathology at Harvard 

Medical School, as well as a professor of bioengineering 

at Harvard School of Engineering and Applied Sciences. 

In January 2009, Ingber was appointed founding direc-

tor of Harvard University’s Hansjörg Wyss Institute for 

Biologically Inspired Engineering.51

Cellular Biotensegrity

During the past 21/2 decades, novel research tech-

niques have been developed to study cellular mechanics.52 

With these new techniques, Ingber and others have con-

vincingly demonstrated that cells adhere to the mechani-

cal principles of tensegrity architecture9,10,12 and have 

confirmed the prestressed nature of living cells.14,15,52-56  

Figure 2. 
A person holding the yoga pose 
“Wheel.” This pose demonstrates 
that the spinal column does not 
function mechanically as a “column.” 
Printed with permission from the 
Randel Swanson II, DO, PhD, 
Collection.
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the cell and also to the nucleus, which is itself a tenseg-

rity structure (Figure 4). During the past decade, stud-

ies34,49 on cultured cells have confirmed that a direct 

connection from the ECM through the cytoskeleton and 

down to the nucleus exists and that mechanical forces 

applied to ECM components are transmitted directly to 

the cell and nucleus as predicted in hierarchical tenseg-

rity models. The specific link from the ECM to the cell 

cytoskeleton occurs by means of integrins (transmem-

brane proteins) clustered together to form focal adhe-

sion complexes, which couple proteins of the ECM to 

the microtubules and microfilaments that form the cyto-

skeletal tensegrity system.58 Focal adhesion complexes 

can be thought of as points of integration between ten-

sion elements and compression elements at the cellular 

biotensegrity level (Figure 3). In addition, intermediate 

filaments (rope-like fibers composed of various proteins 

depending on the given cell type, which function as ten-

sion elements) provide a direct connection from focal 

adhesion complexes to the nucleus.50 Taken together, 

cellular experiments provide convincing evidence of at 

least a 3-tiered hierarchical organization of biological 

life (ECM ↔ cell ↔ nucleus).

ments and microtubules function as discontinuous com-

pression elements within the cell (Figure 3).9 However, 

direct evidence was still needed. For microfilaments, 

the direct evidence was provided in 2006 with the use 

of laser nanoscissor technology that cut microfilaments 

in living prestressed cells.56 After disruption with a 

laser, microfilaments spontaneously recoiled.56 Addi-

tional studies15,57 supported the theory that microtu-

bules are compression resistant struts inside the cell 

but suggested that the ECM is also involved in resisting 

cellular tension. Studies17,53 in the twenty-first century 

have now confirmed that cells are linked to the ECM 

and that the ECM plays a pivotal role in resisting ten-

sional forces of cells in addition to microtubules. The 

establishment of a dynamic biophysical connection 

between cells and their surrounding ECM introduced 

the possibility of a tensegrity-based hierarchical orga-

nization of biological organisms.

 A tensegrity model of a cell with a separate tensegri-

ty nucleus intimately connected to the larger tensegrity 

cell was introduced in Ingber’s original 1985 publica-

tion on cellular tensegrity.48 The model predicts that any 

force applied to the cell will be transmitted throughout 

Figure 3.
A prestressed tensegrity model that represents biotensegrity architecture at all size scales throughout the 
human body. Examples of biotensegrity at the molecular, cellular, tissue, organ, and organ system levels 
with corresponding tension and compression elements are presented. The junction of tension elements with 
a compression-resistant element can be viewed as a model of a focal adhesion (FA) complex within the cell, 
which provides the vital link between the extracellular matrix and the cytoskeletal biotensegrity system.

“Level” Tension (A) Compression (B)

Molecular Attractive / repulsive forces α-helix
    β-sheet
    DNA helix backbone

Cellular	 Microfilaments	 Microtubules
		 	 Intermediate	filaments	 Extracellular	matrix

Tissue Cells Extracellular matrix

Organ	 Lung	–	fiber	system	 Ribs

Organ System  Muscle Bones
(Musculoskeletal) Tendon  Fascia 
   Ligaments
   Fascia

B

FA

A
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preserving their underlying shape.62 Further, when mod-

eling individual components of the cellular tensegrity 

system, researchers discovered that tensegrity models of 

microfilaments (actin-myosin stress fibers) predict sever-

al of their mechanical properties observed in situ.63 This 

research further strengthens the biotensegrity principle 

of hierarchical organization of biological organisms—

systems within systems within systems—by demonstrat-

ing how a component of a tensegrity system is itself a 

tensegrity system.

 Research on cellular tensegrity has greatly advanced 

our understanding of cell biology. By viewing the cell 

as a tensegrity system, scientists can now explain com-

plex behaviors of living cells and understand how cells 

adapt to their ever-changing mechanical environment. 

Further, scientists can begin to explain how prestressed 

cells, linked to the ECM and other cells in hierarchical 

systems, can convert dynamic mechanical information 

into biochemical changes through the process of mecha-

notransduction. Research at the cellular level has pro-

vided the backbone upon which application of tensegrity 

architecture can be applied to all size scales of biological 

organisms, advancing the concept of biotensegrity. 

 This hierarchical organization has also been sup-

ported by whole tissue experiments. For the past de-

cade, neurologist Helene Langevin, MD, has been us-

ing in vivo and ex vivo tissue stretch experiments on 

mouse superficial fascia (subcutaneous areolar tissue) 

to study fibroblast physiology. Langevin et al59 demon-

strated that mouse fibroblasts are intimately connected 

to their ECM in superficial fascia and spread out in a 

sheet-like fashion when mechanically stretched both 

in vivo and ex vivo. Further, Langevin coauthored a 

report on an increase in the cross-sectional area of the 

nucleus and a decrease in the number of nuclear mem-

brane invaginations occurring in fibroblasts during ex 

vivo stretch of mouse superficial fascia.60 These results 

support the findings in cell culture experiments, demon-

strating the presence of a true hierarchical organization 

of biological tissues.

 Complementing these laboratory experiments, math-

ematical modeling of tensegrity systems has been shown 

to predict numerous aspects of cellular dynamics.13,61 

In addition, biomedical engineers are using tensegrity-

based models of red blood cells to begin to understand 

the cells’ ability to constantly deform in circulation while 

A B

Figure 4.
Model of how a force that is applied to a larger biotensegrity structure will be transmitted 
throughout the biotensegrity structure at this level (A) and also to the biotensegrity 
structure at the next level down (B; eg, a cell linked to its nucleus). Printed with 
permission from the Randel Swanson II, DO, PhD, Collection.
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duction in tissue development and bioengineering.21,25 

This topic will be discussed in the following section on 

cellular mechanical signal transduction. Here, I will limit 

the discussion to bone and lung. In the context of tenseg-

rity architecture, a bone is a compression-resistant strut 

as part of the musculoskeletal system. In isolation, how-

ever, a bone is also an independent tensegrity structure.

 To make this point, Chen and Ingber22 looked at the 

femur. The femur is a long bone with a marrow-filled 

cavity that is atypical because it has a femoral neck and 

head that extend superior-medially at an approximately 

45o angle. Because of this anatomy, the gravitational 

compression force from the weight of the body is not 

transmitted through the femur as a vertical line. Rather, 

it is transmitted as a curvilinear force extending from 

the hip to the knee. As a tensegrity structure, then, the 

medial aspect of the femur is resisting compression 

while the lateral aspect is under tension.22 Further, at 

the proximal and distal ends of the femur (and all long 

bones), the bone widens and compact bone is replaced 

with cancellous bone. Importantly, cancellous bone is 

not haphazardly arranged but is organized around geo-

metric triangulation, with some struts under tension and 

some resisting compression. This triangulation provides 

maximum stability of the bone and aids in receiving and 

dissipating force through a joint. Therefore, the femur 

is a tensegrity structure composed of a combination of 

prestressed and triangulated components.

 The lung is another organ that has been viewed as 

a tensegrity structure, both in humans28 and birds.26  

According to these models, the lungs are viewed as being 

under constant tension (prestress). This tension arises 

from an extensive fiber system that permeates all as-

pects of the lung, from the lung periphery to the hilum.28  

The fiber system has a geodesic arrangement with  

constant tension toward the hilum. During inspiration, 

the lungs are pulled open because of negative intra-

thoracic pressure as the diaphragm contracts and be-

cause the accessory muscles of respiration pull the ribs  

Molecular Biotensegrity

Zanotti and Guerra19 proposed that the folding of 

globular proteins (secondary and tertiary structures) is  

governed by the principles of tensegrity architecture.  

According to this hypothesis, α-helices and β-sheets 

are the compression-resistant struts, while the atomic 

forces of attraction and repulsion provide the continuous  

tension (Figure 3). The dynamic conformational chang-

es occurring throughout prestressed globular proteins  

during ligand binding and release is consistent with 

tensegrity principles.19

 On the basis of modeling studies, hierarchical tenseg-

rity mathematical models have accurately predicted nu-

merous properties of cellular actin-myosin stress fibers 

seen in cultured cells63 and can be used to model virus 

self-assembly.64 Further, a model of bacterial carboxy-

some shells, based on x-ray crystals of the component 

proteins, revealed that the individual 3-dimensional 

shapes of the component proteins are pentameric and are 

able to assemble together to form an icosahedral shell.65 

This model is another demonstration of hierarchical or-

ganization of biotensegrity systems, with the individual 

prestressed tensegrity globular proteins uniting together 

to form a larger geodesic tensegrity structure.

 At the nucleic acid level, tensegrity principles are 

being used to construct 3-dimensional tensegrity-based 

DNA structures.18,66 Scientists are exploring the utility of 

using these self-assembling structures in nanotechnology 

applications. Thus, at both the nucleic acid level and the 

protein level, evidence is mounting in support of molecu-

lar biotensegrity.

Organ and Tissue Biotensegrity

With the concept of cellular biotensegrity firmly estab-

lished, scientists are now studying tissues and organs 

as tensegrity structures. At the tissue level, most of the 

research being conducted is aimed at understanding how 

biotensegrity gives rise to mechanical signal transduction 

(mechanotransduction) and the role of mechanotrans-
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the neck of a giraffe in the horizontal position, it becomes 

obvious that the spine must be stabilized by a mechanism 

other than gravitational compression. Further, observing 

a person performing yoga, dance, or gymnastics demon-

strates the dynamic movements that are afforded by the 

spine. Thus, evolution needed to produce a spine that was 

able to move freely and dynamically, was lightweight, 

and was self-stabilized while providing sufficient protec-

tion to vital neurologic structures. A spine stabilized by 

the mechanical principles of tensegrity would provide all 

of these attributes.

 Robbie47 first hypothesized that the spine could, 

at times, be stabilized by tensional forces instead of 

gravitational compression. However, he maintained 

that the spine could also be stabilized by gravita-

tional compression forces, and that the stability of the 

spine oscillated between tensegrity and compression, 

depending on the position of the spine. Levin,32 on 

the other hand, proposed that the spine evolved as a 

tensegrity structure and functions as such continu-

ously, only resorting to compression-dominated sta-

bility during times of disease. Chen and Ingber22 also 

state that only a spine erected as a tensegrity structure 

would be capable of dynamic motion while also being 

architecturally stable. 

 According to tensegrity principles, dynamic mo-

tion and stability are 2 properties of prestressed tenseg-

rity structures. The prestress within the spine has been 

proposed to originate from ligaments, small rotator 

muscles, and the large erector spinae muscles. Numer-

ous wooden models of tensegrity spines exist (several 

created by the artist, sculptor, and founder of Intension 

Designs Ltd, Thomas Flemmons), which demonstrate a 

tensegrity tower that is self-stabilized by prestress and 

triangulation and is able to undergo dynamic move-

ments and adapt to changing forces applied throughout 

the structure. 

 Although biotensegrity models of the spine are an 

intuitive representation of the spine as a tensegrity struc-

superior-laterally. In this model, the compression-resistant 

elements are the ribs. Given the large surface area of the 

lungs and limited space for supporting tissues, tensegrity 

architecture provides a support system that is extremely 

strong and efficient, yet requires minimal space. 

Organ System / Organism Biotensegrity 

Application of tensegrity principles to biological organ-

isms began in 1977 when David Robbie, MD, proposed 

that the human musculoskeletal system could be viewed 

as a tensegrity system.47 Shortly thereafter, the orthope-

dic surgeon Stevin Levin, MD, began viewing tensegrity 

as the overall biological support system of the human 

body,31 coining the term biotensegrity. Drawing on ex-

periments at the cellular level, Ingber has also stated nu-

merous times throughout his publications that tensegrity 

principles apply to all size scales in the human body, 

including the organism level.9,22,67 

 According to this theory of biotensegrity at the or-

ganism level, the bones are the discontinuous compres-

sion-resistant struts, while the muscles, tendons, and 

ligaments are the tension elements. The fascial system 

is another critical component that can function both as a 

compression-resistant element and as a tension-generat-

ing element. The complete musculoskeletal system then 

becomes a prestressed biotensegrity system. Movement 

in the organism arises when a muscle locally increases 

the amount of tension (prestress) within a given compo-

nent part of the whole system. 

 Individual components of the musculoskeletal sys-

tem have also been viewed as biotensegrity structures. A 

recent review29 has looked at the distal radioulnar joint 

as a tensegrity structure. Levin31 has proposed a tenseg-

rity-based organization of the human pelvis, and several 

articles22,32,47 have suggested that the spinal column is 

actually a tensegrity structure.

 The mammalian spine evolved during millions of 

years in a horizontal position and relatively recently as-

sumed a vertical position in humans. When one considers 
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 Numerous proteins are linked to the intracellular sur-

face of focal adhesions, including both microtubules and 

microfilaments that are attached as part of the prestressed 

biotensegrity system. Focal adhesions can be visualized 

in a tensegrity model as junction points between continu-

ous tension elements and compression-resistant struts 

(Figure 3). Some of the other proteins linked to focal 

adhesions include components of the cyclic adenosine 

monophosphate (cAMP) second messenger system,72,73 

intermediate filaments that span to the nucleus,50 and 

stress-activated ion channels.74 Therefore, focal adhe-

sions can be viewed not only as key components of the 

cellular biotensegrity system, but also as principle regu-

lators of mechanotransduction.

Cyclic Adenosine Monophosphate 

Cyclic adenosine monophosphate is one of the most 

ubiquitous second messengers of the cell and performs 

numerous functions, including protein activation and 

transcription regulation. Therefore, every medical stu-

dent studies the details of the G-protein–linked adenylyl 

cyclase signaling system, which produces cAMP, and the 

numerous extracellular ligands (including several phar-

maceutical agents), which bind to the G-protein and up-

regulate or downregulate the production of cAMP. In ad-

dition to extracellular ligands, it has been demonstrated 

that mechanical forces applied through focal adhesions 

can also modulate the production of cAMP and subse-

quently lead to activation of transcription factors within 

the nucleus.72,73 Thus, mechanical forces play a key role 

in modulating cellular second messenger signaling.

Mechanical Regulation of Gene Expression

As predicted in hierarchical tensegrity models (Figure 4), 

the nucleus has been shown to be intimately linked to 

the cytoskeleton by both microfilaments and intermedi-

ate filaments50 and to undergo predictable deformation 

when extracellular forces are applied to focal adhesions 

in cultured cells.34,49 Within the nucleus, nucleoli have 

ture and aid in understanding the concept, these models 

are not based on any anatomical arrangement of liga-

ments and muscle. To my knowledge, no biotensegrity 

model of the spine incorporates anatomical organization. 

Further, in contrast to biotensegrity at other levels, a very 

limited number of experimental studies to date have in-

vestigated biotensegrity at the organism level.30

Cellular Mechanical Signal  

Transduction (Mechanotransduction)

The idea that the building blocks of the biological world 

are governed by the principles of tensegrity architecture 

is now well established, with an overwhelming amount 

of supporting scientific evidence at the cellular level. 

Importantly, Ingber recognized at the inception of his 

cellular tensegrity concept that a prestressed cell would 

be poised and ready to convert mechanical information 

into biochemical changes.48 Research into biotenseg-

rity has now established that prestressed tensegrity cells, 

linked hierarchically to their extracellular environment 

and to their nucleus, receive mechanical signals (termed 

mechanotransduction) and integrate them with other 

biochemical signals to produce an orchestrated cellular 

response.24 Today, research into mechanotransduction is 

growing exponentially and is proving to play an impor-

tant role in fields ranging from developmental biology68 

to pathology.36

Components of the Cellular 

Mechanotransduction System

While the cell as a whole functions as a prestressed bio-

tensegrity system, extracellular mechanical forces are 

transduced intracellularly at specific locations within the 

cell membrane. Research has confirmed that the class 

of transmembrane proteins known as integrins cluster 

together to form focal adhesion complexes and then bind 

to both proteins of the ECM and the cytoskeleton.58,69,70,71 

Focal adhesions, then, are the mechanical link between 

the ECM and the cytoskeleton. 
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ever, the amount of influence these mechanical signals 

have in controlling cell fate, when compared with other 

known biochemical signals, was previously unknown 

less than a decade ago. Evidence is now mounting that 

contact with the ECM and mechanotransduction may be 

the most important factors in determining cell fate.

 To determine the influence ECM geometry has on 

cell fate, Ingber set up an experiment on cultured endo-

thelial cells in which he varied the size of ECM “islands” 

on cell culture dishes.39 He discovered that very small 

islands caused the cells to undergo apoptosis, while me-

dium-sized islands made the cells quiescent. Large ECM 

islands, on the other hand, allowed the cells to spread 

and proliferate. Further, creating long, thin ECM islands 

allowed endothelial cells to differentiate into capillar-

ies. Expanding on this research, Christopher Chen, MD, 

PhD, set up an experiment to determine whether ECM 

geometry could influence stem cell differentiation.76  

In this experiment, mesenchymal stem cells were cul-

tured in cell dishes containing either very small round 

ECM islands or large square ECM islands, both con-

taining identical growth media. He discovered that the 

mesenchymal stem cells cultured on small round ECM 

islands differentiated into adipocytes, while those stem 

cells grown on large square ECM islands differentiated 

into osteoblasts. He went on to further demonstrate that 

the cells grown on large ECM islands had an increase 

in the activity of a specific protein (Rho) that led to an 

increase in cellular prestress.76

 Numerous research studies have demonstrated a role 

for mechanical forces during development.21,68 One ex-

ample can be found in lung development. In one study,27 

biochemical modulation of cellular prestress was shown 

to alter in vivo mouse lung development.27 In another 

study,77 fetal rat type 2 epithelial cells were cultured on 

flexible substrates containing different proteins of the 

ECM while being subjected to 5% mechanical strain. 

The study revealed that the cells maximally expressed 

markers of type 2 epithelial cell differentiation when 

been shown to undergo molecular rearrangement when 

external forces were applied to the focal adhesions, indi-

cating further hierarchical organization of the cell.50 Fur-

ther, ex vivo tissue stretch studies demonstrated a loss of 

fibroblast nuclear membrane invaginations during tissue 

stretch,60 which is important because these invaginations 

are thought to play a pivotal role in many key functions 

of the nucleus-impacting gene expression. Given these 

findings, it has been proposed that mechanical forces 

could directly affect genetic expression by regulating the 

opening and closing of nuclear pore complexes, inducing 

chromatin remodeling, or lead to melting (opening up) of 

select regions of DNA.49 Research is ongoing in this area.

Ion Channels

Ion channels represent a third way in which cells com-

municate. Numerous extracellular and intracellular li-

gands are known to gait ion channels, and the mecha-

nism of action of several pharmaceutical agents involves 

modulating the gaiting of these channels. As with the 

second messenger cAMP, an ion channel has now been 

discovered that is gaited by mechanical forces.74,75 This 

calcium-selective ion channel (TRPV4) is a member of 

a relatively new class of ion channels known as stress-

activated ion channels. Importantly, TRPV4 was shown 

to be gated by extracellular mechanical forces applied 

through focal adhesions, but not by forces applied to 

other regions of the cell membrane.74 This finding indi-

cates that TRPV4 is linked, either directly or indirectly, 

to focal adhesions, and it further strengthens the evidence 

that mechanotransduction occurs through focal adhesion 

complexes.

Applications in Developmental  

Biology and Tissue Engineering

It is evident that cells function as biotensegrity structures 

that are able to receive mechanical signals and integrate 

those signals with other biochemical signals to modulate 

second messenger signaling and gene expression. How-
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Cancer can be viewed as a problem of growth and dif-

ferentiation. Prestressed biotensegrity cells are able to re-

ceive mechanical signals, and this mechanotransduction 

is known to regulate both growth and differentiation in 

normally functioning cells. It could be suggested, then, 

that alterations in mechanotransduction may lead to tu-

mor formation by altering cell growth and differentiation 

and contribute to the metastatic potential of the resulting 

tumor by changing the way the tumor cells “sense” or 

“see” their extracellular environment.36 

 It has long been recognized that the majority of  

tumors are surrounded by a stiffened or rigid ECM.39,40 

The increase in ECM stiffness could be due to an extra-

cellular event, such as increased fibrosis, or to an intra-

cellular event, such as an increase in prestress within the 

cell that is exerting tension on the ECM.36 Regardless of 

the initiating mechanism, the resulting change in the me-

chanical environment will lead to altered mechanotrans-

duction, which could cause further changes in growth 

and differentiation and potentially lead to metastasis. 

 Given the likelihood that abnormal mechanotrans-

duction from altered ECM stiffness or organization 

likely plays an important role in cancer development, 

progression, and metastasis, Ingber37 suggested that 

tissue engineering may be able to provide a treatment. 

He proposed that biomaterials that mimic the embry-

onic ECM environment may be useful in aiding cells 

to morph back to their precancer function. This logic 

can be extrapolated to osteopathic medicine and be used 

to propose that restoration of physiologic motion after 

manual treatment for somatic dysfunction could allow 

cells within the tissue to function optimally by freeing 

restrictions in mechanotransduction. 

cultured on laminin substrates, indicating differential 

mechanotransduction depending on the specific ECM 

protein available for integrin binding.77

 With an understanding of how prestressed biotenseg-

rity cells function mechanically and use mechanical sig-

nals from their ECM, scientists are developing novel 

approaches to tissue engineering.20,25,44,78 For example, 

researchers have made dramatic progress in creating a 

bioartificial lung by using native ECM and mechanical 

forces.79 First, a freshly removed rat lung was decullular-

ized using a soap solution (a process that killed all cells 

and washed away their debris, leaving behind the ECM). 

The resulting decellularized lung still contained the com-

plete 3-dimensional ECM, including that of the blood 

vessels and airways. The decellularized lung was seeded 

with epithelial and endothelial cells and then connected 

to a machine that ventilated and perfused the lung with 

liquid (culture medium), as occurs during development. 

Within 5 days, the researchers were able change the per-

fusion/ventilation system from cell media to human red 

blood cells and 98% FIO
2
 and were able to demonstrate 

through analysis of arterial blood gas that the bioartificial 

lung was being perfused. This research study highlights 

the fact that, in addition to soluble biochemical signals, 

the ECM and mechanical forces are just as important in 

proper tissue differentiation and normal functioning.

Mechanopathology

The principles of biotensegrity and the role of mechano-

transduction in cell physiology lead one to consider the 

possibility of pathologic states due to altered mechano-

transduction. Changes in the extracellular environment or 

within the cell could lead to altered mechanotransduction 

and ultimately result in disease. Numerous pathological 

states, such as cardiomyopathy, osteoporosis, muscular 

dystrophy, asthma, and atherosclerosis, are now attrib-

uted in part to alterations in mechanotransduction.36,80 

 One disease that has received a great deal of attention 

in relation to mechanotransduction is cancer.36,38-40,81,82 
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as “the capacity of fascia and other tissue to lengthen 

when subjected to a constant tension load resulting in 

less resistance to a second load application.”90 Osteo-

pathic manipulative treatment techniques that address 

fascial bind and release generally fall under the category 

of myofascial release techniques.91 One example is fas-

cial unwinding,92 which is defined in the Glossary as “a 

manual technique involving constant feedback to the 

osteopathic practitioner who is passively moving a por-

tion of the patient’s body in response to the sensation of 

movement. Its forces are localized using the sensations 

of ease and bind over wider regions.”90 Another similar 

technique is known as direct fascial release,91,92 which 

“requires that a torsion, compression, and/or traction 

force be maintained into the barrier while one waits for 

a release (fascial creep). After this occurs, the region can 

move in all planes more easily.”91 Although the concepts 

of fascial bind and release are widely accepted in os-

teopathic medicine, the physiological mechanisms that 

underlie these phenomena are largely unknown.

Fascial Architecture

The medical and scientific communities have become 

increasingly interested in fascia during the past decade, 

with an exponential increase in the number of scientific 

publications investigating various aspects of fascia. This 

interest in fascia culminated with the First International 

Fascia Research Congress held at Harvard University in 

2007, which brought together clinicians and researchers 

from various specialties in an attempt to develop novel 

approaches to understanding and researching fascia. 

Of note, the first presenter at this congress was Ingber, 

who presented the concepts of cellular tensegrity and 

mechanotransduction. 

 Osteopathic medicine has also experienced a resur-

gence of interest in fascia, with a complete chapter in 

the new edition of Foundations of Osteopathic Medicine 

dedicated to the fascial system.93 Based largely on the 

work of anatomist Frank Willard, PhD, this chapter first 

Integration of Biotensegrity  
With Osteopathic Principles
Osteopathic medicine’s founder, Andrew Taylor Still, 

MD, DO, stated, “An osteopath, in his search for the 

cause of diseases, starts out to find the mechanical 

cause.”83 In osteopathic medical schools, however, in-

struction on mechanical forces in pathophysiology typi-

cally focuses on the musculoskeletal system and somatic 

dysfunction, not cellular physiology. 

 The principles of biotensegrity have numerous ap-

plications to osteopathic medicine. From a new under-

standing of spine mechanics to a more comprehensive 

understanding of total-body unity, biotensegrity provides 

a means for osteopathic researchers to conceptualize 

long-held osteopathic principles and a platform on which 

the osteopathic profession can build future research. It is 

therefore surprising that very few mentions of biotenseg-

rity (or simply tensegrity) can be found in the US osteo-

pathic medical literature.84-89 In the following sections, I 

expand on the application of biotensegrity to osteopathic 

fascial release techniques and propose a new approach to 

viewing and researching fascial bind and release. 

A Biotensegrity Approach to  

Osteopathic Fascial Release Concepts

Bind and Release

In his 1902 publication, The Philosophy and Mechanical 

Principles of Osteopathy, Still declared that the mechani-

cal properties of fascia constitute “one of the greatest 

problems to solve … [for] by its action we live and by its 

failure we die.”83 The osteopathic medical profession has 

therefore focused much of its attention on identifying ar-

eas of fascial bind and developing therapeutic treatment 

modalities to release the fascia. 

 Numerous osteopathic manipulative treatment mo-

dalities have been developed to release fascial binds. In 

the Glossary of Osteopathic Terminology, the word bind 

is defined as “palpable resistance to motion of an articu-

lation or tissue,” while release, or fascial creep, is defined 
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ing to biotensegrity architecture. Further, every medical 

student observing his or her first incision during a sur-

gical procedure can immediately see that the skin and 

fascia are prestressed.94 To understand how the level of 

prestress is maintained and also to investigate possible 

mechanisms of fascial bind and release, it is necessary to 

look at the cellular components of the tissue. 

Fibroblasts and Mechanotransduction

Fibroblasts are the principle cells of irregular connective 

tissue and are responsible for producing the components 

of the ground substance, as well as collagen, laminin, 

fibronectin, and other proteins of the ECM.95 They also 

play a vital role in wound healing, where they are recruit-

ed to the site of injury, differentiate into myofibroblasts, 

and participate in closing the wound.96 In order to orches-

trate the production of these ECM and ground substance 

components as well as to participate in wound healing, 

fibroblasts are known to extend long processes in order to 

participate in cell-to-cell communication.97 

 Cells have been shown to function as prestressed 

biotensegrity systems connected to proteins of the ECM 

through focal adhesion complexes and to be poised and 

ready to receive mechanical signals through the process 

of mechanotransduction.24 In addition, Paul Standley, 

PhD, has developed an in vitro model of repetitive mo-

tion strain and modeled indirect osteopathic manipula-

tive techniques.98 Using this model system with human 

fibroblasts, Standley et al99-102 demonstrated an increase 

in the expression of numerous inflammatory genes and 

an increase in apoptotic rate in fibroblasts subjected to 

repetitive motion strain only, when compared with re-

petitive motion strain plus indirect osteopathic manipu-

lative techniques. In addition, the study by Langevin  

et al59 on changes in fibroblast morphology during in 

vivo and ex vivo stretch of mouse superficial fascia to 

investigate the mechanism of action of acupuncture 

demonstrated that fibroblasts are connected to their 

ECM and undergo drastic changes in cell shape during 

defines fascia as irregular connective tissue of varying 

densities found throughout the entire body. Then, the 

chapter explores the architectural arrangement of the 

fascial system by describing 4 primary subdivisions. This 

assessment provides a conceptual visualization of the 

fascial system. However, I propose that biotensegrity is a 

vital missing component needed to understand fascial ar-

chitecture and also to understand how mechanical forces 

can lead to a fascial bind and release.

 According to Willard et al,93 the 4 primary subdivi-

sions of fascia are superficial (pannicular), axial, menin-

geal, and visceral. Because fascial release techniques are 

directed largely toward the superficial and axial layers of 

fascia, I will focus on these 2 layers. Osteopathic physi-

cians appreciate a direct connection from the skin to the 

superficial fascia and the superficial fascia to the axial 

fascia. In the following paragraphs, I will look at the 

architectural arrangement of this connection and discuss 

how the irregular connective tissue of the dermis differs 

from the irregular connective tissue of the superficial and 

axial fascia. 

 In histology or pathology, sections of the skin are 

always taken perpendicular to the skin surface. In this 

view, the reticular layer of the dermis appears as normal 

irregular connective tissue with no discernible pattern 

(Figure 5A). However, a gross view of the reticular der-

mis horizontal to the surface of the skin shows a regular, 

geometric pattern of collagen fibers (Figure 5B). Under-

neath the reticular dermis is the superficial fascia layer 

(hypodermis in histology), which appears to have nu-

merous fat globules. However, careful removal of the fat 

globules without disruption of the collagen fibers run-

ning between them reveals a geodesic arrangement of 

collagen fibers that are continuous with the dermis and 

the axial fascia (Figure 5C). A closer look at the axial 

fascia reveals a truly irregular appearing prestressed pat-

tern, which is continuous with the epimysium. 

 As shown in Figure 5, the epidermis, superficial fas-

cia, and axial fascia are arranged hierarchically accord-
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to their ECM and that cells are capable of increasing the 

amount of prestress in response to mechanical forces. 

Adding to this research, a recent study by Langevin et 

al108 demonstrated that fibroblasts substantially contribute 

to the amount of tension (prestress) within superficial fas-

cia and that relaxation of the whole tissue is dependent on 

fibroblasts altering their cell shape (prestress). 

 This research demonstrates how fibroblasts can 

cause, or contribute to the maintenance of, fascial binds 

by increasing their own prestress and thus increasing 

prestress within the fascia. Also, the release that occurs 

during the application of myofascial release techniques 

may result from fibroblasts sensing the mechanical 

forces being applied by means of mechanotransduction. 

The mechanotransduction could then lead to changes in 

fibroblast prestress, which would decrease the prestress 

within the fascia. Further, cell-to-cell communication 

whole-tissue stretch, as well as changes in nuclear mor-

phology.59,60,103-106 Taken together, the work of Standley 

and Langevin indicates that the fibroblasts of irregular 

connective tissue are prestressed biotensegrity cells that 

are linked hierarchically with the ECM of irregular con-

nective tissue (which is also a biotensegrity structure) 

and are capable of responding to mechanical forces 

through changes in gene expression.

 It has long been held that to generate contractile forces 

within the connective tissue, fibroblasts need to differ-

entiate into myofibroblasts, as during wound repair.96 

Therefore, observing fascial contractions in vitro, Robert 

Schleip, PhD, et al107 hypothesized that fascial contraction 

in the absence of wound healing may be due to myofibro-

blast recruitment or differentiation of fibroblasts into myo-

fibroblasts. However, Ingber et al’s69 research has shown 

that all cells generate prestress and transfer this prestress 

A

C

B

Figure 5.
(A) A hematoxylin and eosin stain of 
human epidermis and dermis viewed 
perpendicular to the skin surface. 
(B) A gross anatomical view of the 
reticular dermis viewed parallel to 
the skin surface. Here, the epidermis 
has been carefully dissected away 
from the dermis. (C) A gross anatomic 
view	of	the	superficial	fascia	with	
the adipose carefully removed while 
leaving	the	collagen	fibers	intact.	
This image also demonstrates the 
interconnection of the epidermis with 
the axial layer of fascia. The inset in 
Figure 5C is an immunohistochemistry 
image	of	mouse	superficial	fascia,	
which demonstrates the geometric 
organization	of	the	superficial	
fascia. Printed with permission from 
the Randel Swanson II, DO, PhD, 
Collection. 
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Conclusion
The riddle within Heraclitus’ doctrine of universal flux1 

is that while everything is constantly changing, every-

thing remains the same. The human body has an ability 

to adapt to its ever-changing environment. The principles 

of biotensegrity provide an explanation as to how the 

body can receive constantly changing mechanical forces, 

disperse these forces throughout the organism, convert 

them into biochemical signals within the cell, and retain 

its structural integrity. 

 As a fundamental architectural building block of bio-

logical organisms, biotensegrity can be demonstrated at 

all size scales within the human body. From molecules 

and cells to tissues and organs, each level can be viewed 

as a biotensegrity structure intimately connected in a 

hierarchical organization with the level above and below. 

This realization provides the clinician with an explana-

tion as to how forces applied through the skin during 

osteopathic manipulative treatment could have effects at 

the cellular level—and possibly even lead to changes in 

gene expression.

 Perhaps the most important aspect of biotensegrity 

will lie in its application to osteopathic research. Still 

clearly recognized the importance of research when he 

stated in his autobiography, “It has been the object of 

myself and also of my teachers to direct and be guided 

by the compass that points to nothing but demonstrative 

truth. ... Give me anything but a theory that you cannot 

demonstrate.”109 To this end, the principles of biotenseg-

rity can be used to bridge the gap between basic scientists 

and osteopathic physicians as we move toward unravel-

ing the mechanisms of action of osteopathic manipula-

tive medicine. 

between fibroblasts within the fascia could potentially 

contribute to numerous fibroblasts changing their level of 

prestress, which would then cause a more robust change 

in the prestress within the fascia, leading to a palpable 

release. With the bind released, the normal physiologic 

motion would be restored within the tissue and the fibro-

blasts would then return to their normal resting prestress.

A New Approach to Somatic Dysfunction

On the basis of the principles of biotensegrity described 

in the present article, I propose a more general approach 

to somatic dysfunction. Cells need to sense their extra-

cellular environment to survive. When a cell is in contact 

with its ECM, the physiologic motion of its surrounding 

tissue will be sensed through mechanotransduction and 

integrated with other biochemical signals to orchestrate 

processes such as growth, differentiation, and apoptosis. 

Restrictions to normal physiologic motion are sensed 

through mechanotransduction and lead to altered func-

tioning of the cell. This altered functioning could be 

viewed as acute somatic dysfunction. If the physiologic 

motion is restored, either through the use of osteopathic 

manipulative treatment or other means, the tissue returns 

to its prior state and functions normally. If, however, 

physiologic motion is not restored, prolonged changes in 

mechanical forces can lead to chronic somatic dysfunc-

tion or fibrosis, which is much more difficult to manage 

with osteopathic manipulative treatment or other treat-

ment modalities. Future studies are needed to test this 

hypothesis using the principles of biotensegrity.
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