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• Definition: when the acceleration of gravity ranges from 10-4 to 10-6 g 

• Organisms on Earth are subjected to 1 g; microgravity is experienced 
in space and on various celestial bodies.

• Can be simulated on Earth in numerous ways (usually can get down 
to 10-3 to   10-4 g at best).

• Applications include: 
– Colloidal Suspensions

– Protein Crystallization

– Fluidics

– Tissue Engineering

– Cellular Senescence/Aging

Microgravity: Why Should We Care?
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www.spaceanswers.com

Cells in 
microgravity 

(real/simulated)

Altered cytoskeleton, 
metabolism

Formation of 3D 
organoids/spheroids

Extrapolate 
discoveries for 

further investigation 
on Earth

http://www.spaceanswers.com/


Microgravity: The Isolation of Gravity as 
an Experimental Variable
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Porosity
Pressure
Elasticity
Force
Topography

Adapted from
Ebara, 2015

Mechano-structural 
Cues

Cerwinka et al., 2012

Li and Cui, 2014

Vu et al., 2014

*Spheroids: three-
dimensional cell aggregates
*Better representation of in 
vivo environment in vitro
*Useful tools for studying 
cancer, organogenesis, etc.



The Rotary Cell Culture System (RCCS) 
Simulates Microgravity on Earth
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*Balance of centrifugal and 
gravitational forces

*Coriolis forces act on spheroids
*Spheroids experience low shear 

stress as they rotate (why this can be 
considered simulated microgravity)

*This will vary based on spheroid size

HARV: High 
Aspect-Ratio 

Vessel

Adapted from Nickerson et al., 2004



Role of COMSOL Multiphysics ®
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Wikipedia.org

-Space-based experiments are the primary goal 

-These experiments are expensive, difficult to schedule and challenging to design

-Need: consistent, reliable Earth-based simulation experiments

Experimental Challenge: If low shear stress is crucial to microgravity simulation, how can we maintain 
consistent, low shear stress in the RCCS, namely across spheroids of various sizes?

Proposed Solution: Model fluid and particle dynamics using the COMSOL ® Multiphysics 5.3 
Computational Fluid Dynamics (CFD) and Particle Tracing modules to show how adjusting rotational speed 
and media viscosity can improve experimental consistency.



Use of COMSOL Multiphysics
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Computational Fluid Dynamics (CFD)

Particle Tracing

Single-phase flow (spf) studies using base parameters for cell culture 
media (DMEM) under laminar conditions were used to measure the shear 
stress distribution across the vessels across different rotation speeds and 

viscosities.

Particle sizes were chosen based off previous studies/literature. This was 
used to show spheroid positioning and experienced shear stress within 

vessel. 



Spheroids Generated With the RCCS
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Scale Bar: 400 µm

Breast Cancer

Ovarian Cancer

*Cells form a variety of 
sizes/morphologies of spheroids

*Can we modulate the shear 
stress to ensure consistency 

across these sizes?



Fluid Shear Stress Distribution Within A 
HARV (Baseline)
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15 rpm Cross-Sectional 
Slices

15 rpm (Bottom) 25 rpm (Bottom)

15 rpm (Middle)



Particle Tracing For Multiple Spheroids 
Within A HARV (Baseline)
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50 µm

100 µm

200 µm

Radius *At certain sizes, spheroids 
deviate from the HARV’s center 

with increasing speed, increasing 
shear stress

*We want to maintain/restore the 
lower shear stress seen at 15 rpm 

when the speed is 25 rpm



Higher Shear Impacts Spheroid 
Morphology + Behavior
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Ramped

15 rpm 25 rpm

A

B C

Scale Bar: 1000 µm

Ramped Rotation:

-15 rpm for 24 hrs

-5 rpm increase every 
24 hrs up to 25 rpm

-72 hrs growth total



Spheroid Size Can Change Over Long-
Term Culture
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Increasing Viscosity Reduces Increase in 
Shear Stress at 25 rpm
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Increasing Viscosity Restores Spheroids 
to Low-Shear Positions
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50 µm

100 µm

200 µm

Radius



Summary/Future Directions

1510/22/2018

• CFD experiments show the low shear stress within HARVs. In addition, particle 
tracing models how the spheroids behave under that shear stress, with higher 
speeds pushing mid-sized spheroids towards the edge. 

• To ensure consistency of shear stress across spheroid diameters, modulating 
the viscosity can align the spheroids closer to the middle, lowering the shear 
stress. 

• This will be further verified and refined in the future with more simulations 
modeling the changes in shear stress over longer culture times as the spheroid 
size gradually changes. 

• RCCS experiments with methylcellulose-supplemented media will also be used 
to verify the simulation results. 
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Thank You!

• Q&A
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https://www.pinterest.com/pin/695735842404992552/

https://www.pinterest.com/pin/695735842404992552/
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COMSOL Math Details
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-Single Phase Flow (spf) studies under laminar conditions and based off  the Navier-Stokes equation (Frozen 

Rotor). The size of  the HARV was constant so the variables were the rotating speed and the viscosity of  the 

media. Rotation speeds for the RCCS are 15 and 25 rpm and the rotating domain was defined in the clockwise 

direction along the z-axis to mimic the horizontal orientation of  HARVs on the RCCS.

-For Particle Tracing, particle sizes were chosen based on both our own experimental results and what has been 

previously published. The particle mass was calculated based on the volume of  the spheroid and an assumed 

density of  1.04 g/cm3 [6].

Equation 1 Equation 2 [3]

𝜌 𝑢 ∙ ∇ 𝑢 = ∇ ∙ −𝜌I + 𝜇 ∇𝑢 + ∇𝑢 𝑇 + 𝐹 + 𝜌𝑔

𝜌∇ ∙ 𝑢 = 0

𝑊𝑆𝑆 = 𝜏2𝑥𝑦 + 𝜏2𝑦𝑧 + 𝜏2𝑥𝑧



RCCS Physics
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Balance of Coriolis and Centrifugal 
forces

Particle Motion: Stationary 
Frame

-Achieves steady-state spiral 
balancing coriolis and 

centrifugal forces

Particle Motion: 
Rotating Frame
-Shows actual 

trajectory

Hammond and Hammond, 2001


