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In every step we take, waves of force
are sent throughout the body. When a
runner’s foot strikes the concrete or a person
simply walks across a room, mechanical
forces travel upward through the skeletal
system from the foot to the spine. These
forces are distributed across bones, joints,
and connective tissue.

Despite this constant mechanical activity,
bones are often thought of as rigid, static
structures. In reality, bone is a living tissue

that continuously adapts to its environment.

Unlike materials such as steel or concrete,
which maintain fixed properties, bone
undergoes constant remodeling through
a balance of breakdown and regeneration.
Certain cells remove old or damaged tissue
while others build new bone, allowing
the skeleton to adjust to the mechanical
demands placed upon it. Thus, bone
adaptation over time creates a structure
that reflects an individual’s unique patterns

How Force Shapes
the Skeleton

of movement.!

Figure 1. Mechanical loading across the
knee. Forces generated during movement are
transmitted through the knee joint, placing
stress on bone and surrounding structures. This
mechanical loading is essential for maintaining
bone strength as it stimulates adaptive
remodeling in response to repeated use.

Bone is
Listening

The relationship between mechanical
force and bone structure has long been
described by Wolff’s Law, which states that
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Thus bone adaptation over
time creates a structure
that reflects an individual’s
unique patterns of

movement.

it. When mechanical loading increases
through activities like walking, running,
or weight-bearing motions, bone tissue
responds by adapting and reinforcing itself.
On the other hand, when loading decreases
through prolonged immobility or exposure
to microgravity (such as in outer space),
bone density declines.?

This remodeling process is mainly
governed by two primary types of cells:
osteoclasts and osteoblasts. Osteoclasts
are responsible for breaking down old or
damaged bone, while osteoblasts form
new bone tissue. These processes occur
continuously and are tightly regulated and
constantly updated. The balance between
them is the main determining factor of
whether bone becomes stronger or weaker
in the body over time. Mechanical forces
play a key role in maintaining this balance
by initiating signaling pathways that
regulate bone formation or resorption.’
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Figure 3. Mechanotransduction in bone cells. Mechanical forces applied to bone are converted into
biochemical signals through mechanotransduction pathways within cells. These signals regulate gene
expression and cellular activity, allowing bone to adapt to changing mechanical demands.

OSTEOCYTES AS THE BONE’S
INTERNAL SENSORS
Atthe center of this system are osteocytes,
cells embedded within the mineralized
Unlike

osteoclasts, which are located on bone

bone matrix. osteoblasts and

i

Figure 2. Osteocyte and canaliculi network. Osteocytes are embedded within bone and connected
through a network of tiny channels called canaliculi, as shown in this image. These channels allow
cells to communicate and sense mechanical stress to help regulate bone remodeling.
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surfaces, osteocytes are deep inside the
tissue and form an interconnected network
through microscopic channels known as
canaliculi.4

Osteocytes the
mechanosensors that are essential for

function as

changes in bone structure. When bone
experiences mechanical stress, it undergoes
small deformations that generate fluid
movement within the surrounding matrix.
Osteocytes detect these changes and
respond by initiating signaling pathways
that regulate bone remodeling.+®

Through this process, osteocytes
coordinate the activity of osteoblasts and
osteoclasts. When mechanical loading
is sufficient, signaling promotes bone
formation. When loading is reduced,
signaling shifts toward bone resorption.
In this way, osteocytes act as a central
regulatory system, continuously
monitoring mechanical conditions and
directing structural adaptation.

MECHANOTRANSDUCTION:
CONVERTING FORCE INTO BIOLOGICAL
SIGNALS

The ability of bone to respond to
mechanical stress depends on a process
known as mechanotransduction.
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Mechanotransduction — refers to
conversion of mechanical forces
biochemical signals within cells.

When force is applied to bone, it
produces small deformations in the tissue.
These microdeformations cause interstitial
fluid within the bone matrix to move,
generating shear stress on osteocytes. This
mechanical stimulus is detected through
cellular structures such as integrins and the
cytoskeleton, which transmit the signal into
the cell interior.>s

Once activated, osteocytes initiate
intracellular signaling pathways that
regulate gene expression and protein
synthesis. These pathways lead to release
of signaling molecules that influence
osteoblast and osteoclast activity. As a
result, mechanical forces are translated into
coordinated biological responses that guide
bone growth, repair, and maintenance.?

This  process
forces to function as a form of biological
information. Rather than simply exerting
pressure on bone, forces provide signals
that shape the structure and organization
of skeletal tissue. Mechanotransduction
is essential for maintaining bone integrity
and adapting to changing mechanical
demands.

allows  mechanical

Sclerostin

<—="> MSCs

pre-osteoblast

Osleoblast

Osteoclast F !ono Ilnlng cells
M pop osls

-
Xt

Osteocytes : ﬁ’
Figure 4. Cellular regulation of bone
remodeling. Bone remodeling is controlled by
interactions between osteocytes, osteoblasts, and
osteoclasts, which coordinate bone formation
and resorption. Signaling molecules such as
sclerostin help regulate this balance in response
to mechanical conditions.

APPLICATION INMOVEMENT AND
BONEHEALTH
The effects of these cellular processes
become most visible when comparing
different loading conditions and their
impact on skeletal health. Bone does
not respond identically to every kind of
movement; rather, its response depends on

Berkeley Scientific Journal | SPRING 2026

Figure 5. Bone fracture healing and remodeling. Bone healing occurs through a series of stages in
which damaged tissue is gradually replaced and remodeled into new bone. Controlled mechanical
loading supports this process, while imbalance in stress can delay recovery or lead to further injury.

magnitude, frequency, and pattern of the
forces it experiences. Weight-bearing and
high-impact activities can support skeletal
strength, but repetitive loading without
enough recovery can also create problems.

In athletic settings, repeated strain can
strengthen bone when recovery is sufficient.
However, when loading accumulates faster
than repair, microdamage can build up and
increase the risk of stress fractures. These
forces activate osteocytes, which promote
osteoblast activity and increase bone
density over time.® At the opposite extreme,
non-weight-bearing activities provide less
mechanical stimulation to the skeleton.
While beneficial for cardiovascular health,
they are less effective at promoting bone
growth. Unloading the skeleton shows how
dependent the skeleton is on continued
mechanical input. In  microgravity,
astronauts can lose bone density because
the usual weight-bearing forces acting on
the skeleton are greatly reduced. Thus,
interestingly, the same forces that can
stimulate remodeling can also contribute to
injury when the balance between loading
and recovery is disrupted.

INJURY AND REHABILITATION
Mechanotransduction also plays a
key role in injury recovery. Bone healing
requires carefully controlled mechanical
loading. Insufficient loading can delay
healing, while excessive force can disrupt
the repair process.

Rehabilitation strategies often involve
gradual reintroduction of mechanical stress
to stimulate bone formation and restore
structural integrity. Controlled loading has
been shown to enhance fracture healing
by promoting cellular activity and tissue
regeneration.’

At the same time, excessive or repetitive
loading without adequate recovery can lead
to stress fractures. These injuries occur
when the rate of bone damage exceeds the
rate of repair, highlighting the importance
of balance in the bone remodeling process.®

CONCLUSION
Bone is not a static framework but
a dynamic system that continuously

adapts to mechanical forces. Through
the coordinated actions of osteocytes,
osteoblasts, and osteoclasts, the skeleton is
able to detect and respond to physical stress.
Mechanotransduction serves as the link
between mechanical forces and biological
responses, allowing the body to translate
movement into structural adaptation.

This process highlights the importance
of physical activity in maintaining bone
health. Everyday movements provide the
mechanical stimuli necessary to sustain
bone strength, while the absence of these
forces can lead to significant structural
declines. Ultimately, the structure of the
human skeleton reflects not only genetic
factors but also the cumulative effects of
mechanical experience over time.
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