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1 What is Soft Matter?
1.1 Core ideas
Soft matter includes polymers, colloids, foams, gels, membranes, liquid crystals, and biologi-
cal materials. Energies are often comparable to kBT , so entropy, fluctuations, interfaces, and
slow collective dynamics dominate. Mesoscopic length scales make continuum and statistical
descriptions meet.

For review, be able to identify soft-matter systems, compare thermal and mechanical energy
scales, and explain why fluctuations and dissipation are central. Keep the physical question
visible: identify the degrees of freedom, the conserved quantities, the approximation being
made, and the observable that would be measured.

1.2 Mathematical spine

kBT ≃ 4.1 pNnm (300K), Pe =
vL

D

Section summary Soft materials are structured, fluctuating, and easily deformed.

2 Soft Matter Solutions
2.1 Core ideas
Solutions of polymers, surfactants, and colloids are controlled by concentration, solvent qual-
ity, excluded volume, osmotic pressure, and interactions. Dilute, semidilute, and concentrated
regimes have different length scales and response.

For review, be able to use volume fraction, osmotic pressure, radius of gyration, and screening
length to classify solution behavior. Keep the physical question visible: identify the degrees of
freedom, the conserved quantities, the approximation being made, and the observable that would
be measured.

2.2 Mathematical spine
Rg ∼ aNν , Π ≃ ckBT (dilute)

Section summary Soft-matter solutions are governed by entropy, interactions, and concen-
tration.

3 Elastic Soft Matter
3.1 Core ideas
Gels, elastomers, membranes, and polymer networks store elastic energy while allowing large
deformation. Entropic elasticity explains rubber-like behavior; bending and stretching energies
control sheets, shells, and membranes.

For review, be able to distinguish entropic and energetic elasticity, write simple elastic free
energies, and interpret moduli. Keep the physical question visible: identify the degrees of
freedom, the conserved quantities, the approximation being made, and the observable that
would be measured.

2



3.2 Mathematical spine

Fel ∼
1

2
Gγ2V, κb

∫
(2H − C0)

2 dA

Section summary Soft elasticity often comes from entropy and geometry.

4 Surfaces and Surfactants
4.1 Core ideas
Interfaces cost free energy because molecules at surfaces have different environments. Surface
tension drives droplets, capillary rise, wetting, and emulsions. Surfactants lower interfacial
tension and self-assemble into micelles and membranes.

For review, be able to use Young-Laplace pressure, contact angles, capillary length, and
critical micelle concentration. Keep the physical question visible: identify the degrees of freedom,
the conserved quantities, the approximation being made, and the observable that would be
measured.

4.2 Mathematical spine

∆p = γ

(
1

R1
+

1

R2

)
, γSV = γSL + γLV cos θ

Section summary Interfacial energy shapes soft materials.

5 Liquid Crystals
5.1 Core ideas
Liquid crystals have orientational order without full crystalline order. The director field describes
average molecular alignment; elastic distortions, defects, and coupling to fields produce rich
optical and mechanical behavior.

For review, be able to define nematic order, use the director, identify splay/twist/bend dis-
tortions, and understand birefringence. Keep the physical question visible: identify the degrees
of freedom, the conserved quantities, the approximation being made, and the observable that
would be measured.

5.2 Mathematical spine

Qij = S

(
ninj −

1

3
δij

)
, F =

1

2

∫
(K1(∇ · n)2 +K2(n · ∇ × n)2 +K3|n×∇× n|2)dV

Section summary Liquid crystals combine fluidity with orientational order.

6 Brownian Motion and Thermal Fluctuations
6.1 Core ideas
Brownian motion is random motion driven by thermal collisions and opposed by viscous drag.
The same microscopic fluctuations that cause diffusion also determine dissipation through fluctuation-
dissipation relations.
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For review, be able to derive mean-square displacement, use Stokes-Einstein, and connect
Langevin and diffusion descriptions. Keep the physical question visible: identify the degrees
of freedom, the conserved quantities, the approximation being made, and the observable that
would be measured.

6.2 Mathematical spine

⟨∆r2(t)⟩ = 2dDt, D =
kBT

6πηa

Section summary Thermal noise is measurable motion at soft-matter scales.

7 Variational Principle in Soft Matter Dynamics
7.1 Core ideas
Many soft-matter dynamics follow from minimizing free energy while dissipating energy through
viscosity or friction. Gradient flows, Onsager’s principle, and hydrodynamic couplings provide
systematic equations for slow variables.

For review, be able to write a free energy functional, compute functional derivatives, and
connect thermodynamic forces to dissipative fluxes. Keep the physical question visible: iden-
tify the degrees of freedom, the conserved quantities, the approximation being made, and the
observable that would be measured.

7.2 Mathematical spine

∂tϕ = ∇ ·M∇δF

δϕ
, Ḟ ≤ 0

Section summary Soft dynamics often relax down free-energy gradients.

8 Diffusion and Permeation in Soft Matter
8.1 Core ideas
Transport through gels, membranes, porous media, and polymer networks combines diffusion,
partitioning, binding, and hydrodynamic resistance. Permeability depends on both mobility and
solubility.

For review, be able to use Fick’s laws, diffusion times, permeability, and boundary par-
titioning. Keep the physical question visible: identify the degrees of freedom, the conserved
quantities, the approximation being made, and the observable that would be measured.

8.2 Mathematical spine
J = −D∇c, ∂tc = D∇2c, tD ∼ L2/D

Section summary Diffusion sets the timescale for soft-matter transport.
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9 Rheology and Flow
9.1 Core ideas
Rheology studies how materials deform and flow. Newtonian fluids, viscoelastic fluids, gels, yield-
stress materials, and shear-thinning suspensions are distinguished by stress-strain-rate relations
and memory.

For review, be able to read flow curves, use Maxwell and Kelvin-Voigt models, define viscosity
and moduli, and interpret Deborah number. Keep the physical question visible: identify the
degrees of freedom, the conserved quantities, the approximation being made, and the observable
that would be measured.

9.2 Mathematical spine
σ = ηγ̇, τ σ̇ + σ = ηγ̇, G∗(ω) = G′(ω) + iG′′(ω)

Section summary Rheology connects microscopic relaxation to macroscopic flow.

10 Ionic Soft Matter
10.1 Core ideas
Charged soft matter includes polyelectrolytes, electrolytes, charged colloids, membranes, and
biological macromolecules. Electrostatic interactions are screened by mobile ions; double layers
and osmotic effects control stability and forces.

For review, be able to use Debye length, Poisson-Boltzmann ideas, electrophoresis qualita-
tively, and charge regulation concepts. Keep the physical question visible: identify the degrees
of freedom, the conserved quantities, the approximation being made, and the observable that
would be measured.

10.2 Mathematical spine

λD =

(
ϵkBT∑
i niq2i

)1/2

, ∇2ϕ = −ρ(ϕ)/ϵ

Section summary Mobile ions screen and reshape electrostatic interactions in soft matter.
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