
Stretching with viscoelastic forces only

Area conservation effects (left) and finer mesh (right)

Purpose: Standardize the procedure to create homogenous, triangulated meshes based on 
experimental images of osteocytes for consistent results that can be used to model the cellular 
membrane and cytoskeleton.
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Image Digitization

Net viscoelastic force on node 𝑖

𝐅𝑖 =

𝑗

𝐓𝑖𝑗 =

𝑗

𝑘
𝐿𝑖𝑗

𝐿𝑖𝑗
0 − 1

𝑒𝑙𝑎𝑠𝑡𝑖𝑐

+
𝜇

𝐿𝑖𝑗

𝑑𝐿𝑖𝑗
𝑑𝑡

𝑣𝑖𝑠𝑐𝑜𝑢𝑠

𝐓𝑖𝑗

External force field
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Massless damped oscillator
𝑚 ሷ𝑥 + 𝑏 ሶ𝑥 + 𝑘𝑥 = 0 → 𝑏 ሶ𝑥 = −𝑘𝑥
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Methods

Figure 3 – Once the cell pixels are isolated, we apply an initial triangulation algorithm. We then apply a wrapping algorithm, which 
lays down a coarser triangulation in order to decrease detail and remove holes. Finally, we apply a smoothing algorithm.

Figure  2 – Stacking cross sections of experimental images of cultured osteocytes reveals the 3D structure. Brighter pixels, 
corresponding to cells, can be chosen using Mimics’ thresholding algorithm. Then, one osteocyte cell is isolated using a recursive 
region growing algorithm.

Simulation Results

Figure 6 – Cellular response to stretching using a force 𝐅 = 0,0,4𝑧 𝑇 ng⋅μm/ms2 assigned to each node.  Here we use a coarse mesh 
starting at equilibrium at which point (at 𝑡 = 0 ms) we apply the force until 10 ms. At that point, the external force is removed and the cell 
is allowed to recover back towards equilibrium.  Snapshots are shown at 0, 1, 10, 11, and 20 ms. Black “x’s” (10 with approximately 4 
easily visible) indicate nodes that have been fixed to set locations in space.

Figure 7 – Same cell as in Figure 6 at the same times.  Here, however, we cut into the cell and visualize the external forces (red), viscous 
forces (green) and elastic forces (blue) acting on the nodes.  Elastic forces always pull the cell back towards its original 
equilibrium/reference state.  Viscous forces resist changes in shape pointing inwards as the cell expands and outwards as the cell 
contracts.  The external forces stretch the cell.

Figure 8 – Cellular response to the same stretching as in Figure 6 (same times) except that an additional term for area conservation is 
added (𝑘𝑠= 120 ng/ms2).  Comparing with Figure 6 shows the cells extends less in the 𝑧 direction as it attempts to conserve local triangle 
area.

Figure 9 – Cellular response to stretching using a force 𝐅 = 0,0,0.2𝑧 𝑇 ng⋅μm/ms2 assigned to each node.  Here we use a fine mesh.  As in 
Figure 6, the force is turned at 𝑡 = 0 ms, applied until 10 ms, and then turned off.  Snapshots are shown at 0, 1, 10, 11, and 100 ms. Divots 
in the cell surface show locations where internal cytoskeletal elements anchor into the membrane and keep those portions of membrane 
from moving outwards as quickly as other un-anchored nodes in the membrane.  After 100 ms, the shape approximately returns to 
equilibrium.

Osteocytes are cells in the bone that help direct bone remodeling. When osteocytes are subjected to external mechanical 
forces, they respond by releasing signals that cause other bone cells (osteoblasts and osteoclasts) to create or degrade 
bone material. The process by which such forces are turned into remodeling-associated signals (mechanotransduction), 
however, is not well-understood. One issue is often referred to as the strain or stress magnification problem. The 
microscale stresses necessary to induce significant signal secretion in osteocytes are at least tenfold higher than the typical 
macroscale stresses bodies experience during everyday motion. Additional uncertainty surrounds how microscale stresses 
are sensed and used by osteocytes to generate useful bone-remodeling related responses. To better understand 
mechanotransduction, we are developing a three-dimensional, multiscale model of an osteocyte in its natural 
environment. In the model, the osteocyte's membrane and cytoskeleton are modeled as an interconnected network of 
viscoelastic elements (damped springs) that generates internal forces when subject to external loads. In this work on a 
portion of the model, we focus on using the three-dimensional segmentation software Mimics to generate viscoelastic 
networks from experimental images of osteocytes. We then use Matlab and the geometry of the resulting network to 
compute cellular forces for a given cell/network configuration. To verify results are properly implemented and realistic, we 
integrate the equations of motion for each node in the mesh by solving a system of ordinary differential equations (ODEs) 
of the form 𝑀 ሶ𝐲 = 𝐅 using Matlab's numerical ODE solvers. Tests include examining the cellular response to compression in 
two different viscoelastic networks of varying complexity. Results suggest reasonable behavior with the network recovering 
its original shape after compression, as is expected for a cell with a viscoelastic membrane and cytoskeleton. The networks 
and force calculations can be integrated into our eventual multiscale model using the immersed boundary method (IBM) to 
account for the interactions between the cellular structure and the surrounding fluid and bone material.

Abstract

Introduction

Models
• Future: 3D multiscale model of the osteocyte, surrounding fluid, and bone matrix to investigate 

mechanotransduction.
• Currently:  3D model of just the force bearing components of the osteocyte, the membrane and cytoskeleton.
Model Structure
• The cellular membrane is modeled by a triangulated mesh of viscoelastic fibers with negligible mass (Figure 4).
• Interior nodes are introduced to model the cytoskeleton (Figure 5).

Model Details

Figure 4 – We used two 
models in our research –
coarse mesh (left) and 
fine mesh (right). Both 
have the same structure 
described above, but fine 
mesh has more details.

Figure 5 – (left) A 2D viscoelastic network. 
Each fiber is modeled as a damped spring [5]. 
(right) Mesh with cytoskeleton fibers visible.
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Contributions
• We created a standardized workflow using Mimics to make biologically accurate, triangulated, and homogenous models of the 

cellular membrane of osteocytes.
• We calculated the forces on these models and verified our calculations by performing simulations. 

• We computed and visualized viscous, elastic, and area conservation forces on each node.
• We simulated external stretching and compression forces and observed the cellular responses to the forces.
• In each of our trials, the osteocytes returned to their initial equilibrium states, as is expected for a network of viscoelastic

elements with negligible mass.
Future Work
• Improvements to the model include:

• incorporating forces from membrane bending elasticity,
• improving computational efficiency,
• introducing a nuclear membrane.

• Integrate our model into the multiscale model of an osteocyte and its environment through the Immersed Boundary Method 
(IBM).

• Use collaborators’ shear flow experiments on the osteocytes alongside the model to gain insights into force generation.

Conclusion

Figure 10 – Illustration of Immersed Boundary Method [4].

[1] Tate, M.L.K., “Whither flows the fluid in bone?” An osteocyte's perspective. Journal of biomechanics, 2003. 36(10): p. 
1409-1424.
[2] N.V. Materialise, 3D Medical Image Processing Software (sixteenth ed.), Materialise Mimics, Belgium, 2013.
[3] Gan, A. and R. Lorch, Steady and near-steady state cancer cell model. 2019.
[4] Celaya-Alcala, J. Indiana Undergraduate Mathematics Research Conference, Purdue University. (Talk, 2017). 
https://www.math.purdue.edu/~egoins/reu_conference/REU%20Conference%20Program.pdf.
[5] Cruikshank, A. and J. Woodrome, 3-D Steady and Near-Steady State Cancer Model. 2020.
[6] Shi, L. T. Pan, and R. Glowinski, Three-dimensional numerical simulation of red blood cell motion in Poiseuille flows. 
International Journal for Numerical Methods in Fluids, 2014. 76: p. 397-415. doi: 10.1002/fld.3939.

Background
• Osteocytes are cells that regulate bone growth.
• Osteocytes have a nucleus, main body, and 

processes that extend out to interact with other 
osteocytes [1]. 

• Through mechanotransduction, osteocytes convert 
mechanical forces into chemical signals that 
encourage growth or degradation.

• Main goal: Better understand force localization and 
amplification during mechanotransduction.

Objectives
• Generate viscoelastic networks from 

experimental images of osteocytes using the 3D 
segmentation software Mimics [2].

• Use Matlab and the geometry of the resulting 
model to compute cellular forces for a given cell 
configuration.

Figure 1 – Osteocytes are 
embedded deep in the bone.


