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Ac5vi5es	
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  Cover	
  Today	
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Capillary	
  Ac5on	
  

Capillary	
  ac5on	
  is	
  the	
  ability	
  of	
  a	
  
liquid	
  to	
  flow	
  in	
  narrow	
  spaces—	
  
even	
  against	
  gravity.	
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Capillary	
  Ac5on	
  in	
  Nature	
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Surface	
  Tension	
  

h>p://campillos.ucmerced.edu/~dmarCn5/research.html 	
   	
  h>p://www.pdesas.org/module/content/resources/16283/view.ashx	
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Capillary	
  Ac5on	
  

h>p://chemwiki.ucdavis.edu/Under_ConstrucCon/chem1/States_of_Ma>er/Liquids_and_their_Interfaces	
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Liquid	
  wets	
  walls	
  
of	
  tube,	
  increasing	
  
surface	
  area.	
  

Surface	
  tension	
  acts	
  
to	
  decrease	
  surface	
  
area,	
  pulling	
  liquid	
  up.	
  

WeRng	
  conCnues	
  
from	
  a	
  higher	
  level,	
  
causing	
  liquid	
  to	
  
conCnue	
  rising.	
  

Eventually	
  the	
  liquid	
  
reaches	
  a	
  height	
  at	
  
which	
  its	
  weight	
  is	
  
balanced	
  by	
  surface	
  
tension.	
  AUer	
  this,	
  the	
  
height	
  stays	
  constant.	
  	
  



	
  	
  

Capillary	
  Ac5on	
  –	
  Size	
  MaJers!	
  

h>p://hyperphysics.phy-­‐astr.gsu.edu/hbase/surten2.html	
  

Surface	
  tension	
  pulls	
  fluid	
  up	
  

Gravity	
  pulls	
  fluid	
  down	
  (as	
  usual)	
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So	
  why	
  is	
  the	
  radius	
  (r)	
  important?	
  
•  Gravity	
  is	
  proporConal	
  to	
  r2	
  

•  Surface	
  tension	
  is	
  proporConal	
  to	
  r	
  



	
  	
  

Capillary	
  Ac5on	
  –	
  Size	
  MaJers!	
  

h>p://hyperphysics.phy-­‐astr.gsu.edu/hbase/surten2.html	
  

Surface	
  tension	
  pulls	
  fluid	
  up	
  

	
   	
  Gravity	
  pulls	
  fluid	
  down	
  

(Tsurf )(Circum) = (mass)g

(Tsurf )(2πr) = (ρ •πr
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How	
  this	
  relates	
  to	
  Nanodays	
  acHvity	
  

This	
  explains	
  why	
  the	
  water	
  level	
  in	
  
the	
  acrylic	
  setup	
  is	
  higher	
  on	
  the	
  side	
  
where	
  the	
  pieces	
  are	
  closer	
  together.	
  	
  



	
  	
  

More	
  on	
  Capillary	
  Ac5on	
  

Adding	
  a	
  surfactant	
  decreases	
  
the	
  surface	
  tension	
  (Tsurf)	
  

TABLE  2:  Contact  Angles  of  Some  Substances

Capillary action can move liquids horizontally over very large distances, but the height to which it can raise or
suppress a liquid in a tube is limited by its weight. It can be shown that this height  is given by

If we look at the different factors in this expression, we might see how it makes good sense. The height is directly
proportional to the surface tension , which is its direct cause. Furthermore, the height is inversely proportional to
tube radius—the smaller the radius , the higher the fluid can be raised, since a smaller tube holds less mass. The
height is also inversely proportional to fluid density , since a larger density means a greater mass in the same
volume. (See Figure  9 (#import-auto-id2953655) .)

Figure  9:  (a) Capillary action depends on the radius of a tube. The smaller the
tube, the greater the height reached. The height is negligible for large-radius
tubes. (b) A denser fluid in the same tube rises to a smaller height, all other
factors being the same.

EXAMPLE  2:  Calculating  Radius  of  a  Capillary  Tube:  Capillary  Action:  Tree  Sap

Can capillary action be solely responsible for sap rising in trees? To answer this question,
calculate the radius of a capillary tube that would raise sap 100 m to the top of a giant
redwood, assuming that sap’s density is , its contact angle is zero, and its
surface tension is the same as that of water at .

Strategy

The height to which a liquid will rise as a result of capillary action is given by ,
and every quantity is known except for .

Solution

Solving for  and substituting known values produces

(5)

(6)

Density	
  (ρ)	
  maJers,	
  
because	
  it	
  affects	
  the	
  
force	
  from	
  gravity	
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Does	
  Surface	
  Tension	
  Sound	
  Familiar?	
  

Exploring	
  Forces	
  –	
  Gravity	
  	
  

Surface	
  tension 	
  	
  

Gravity	
  

What	
  does	
  the	
  Exploring	
  Forces	
  –	
  
Gravity	
  NanoDays	
  acCvity	
  have	
  
to	
  do	
  with	
  this	
  one?	
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DNA	
  Sequencing	
  	
  

Capillary	
  
Electrophoresis	
  

h>p://www.cs.stedwards.edu/chem/Chemistry/CHEM48/CEfull.html	
  
h>p://www.aaC-­‐us.com/instruments/fragment_analyzer/ce-­‐review.html	
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Lab-­‐on-­‐a-­‐Chip:	
  Point-­‐of-­‐Care	
  Tes5ng	
  

h>p://pubs.rsc.org/en/content/arCclehtml/2012/lc/c2lc00015f	
  h>p://www.zurich.ibm.com/news/09/lab_on_a_chip.html	
  

1	
  cm	
  

4	
  cm	
  

These	
  are	
  “self-­‐contained,	
  portable	
  devices	
  that	
  can	
  be	
  used	
  by	
  non-­‐specialists	
  to	
  detect	
  
and	
  diagnose	
  disease”	
  
	
  
As	
  a	
  result	
  of	
  these	
  devices,	
  “the	
  way	
  in	
  which	
  doctors	
  care	
  for	
  paCents	
  will	
  change	
  
dramaCcally	
  and	
  the	
  role	
  paCents	
  take	
  in	
  their	
  own	
  health	
  care	
  will	
  increase.	
  Health	
  care	
  will	
  
become	
  more	
  personalized	
  through	
  tailoring	
  of	
  intervenCons	
  to	
  individual	
  paCents.”	
  NIH	
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Capillary	
  Forming	
  –	
  A	
  New	
  Manufacturing	
  Process	
  

h>p://www.sciencedaily.com/releases/2010/10/101019132052.htm	
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Switchable	
  Adhesives	
  

test. Initially, in the absence of applied voltage, the substrate does
not stick to the SECAD face pad. Then, an applied voltage
initiates adhesion. The substrate hangs at zero voltage against
gravity until a “release” voltage pulse of opposite sign is applied.
The SECAD is able to adhere repeatedly to substrates with a vari-
ety of roughness and wettability (Fig. 1D). In contrast, Fig. 1C
and Movie S2 show the SECAD in a device-pendant test. Devices
are able to adhere against their own weight plus a payload (the
sum is called “capacity”) for several minutes before the detach-
ment pulse is applied. The SECAD has compact size down to
approximately 1 mm thick (Fig. 1E), no solid moving parts,
and is made of commonmaterials like water, glass, silicon, plastic,
epoxy, and gold.

The main components of the assembled SECAD are shown in
Fig. 2A. The top plate consists of an array of orifice holes from
which the droplets protrude. The bottom plate includes a liquid
reservoir and inlet port. The middle porous layer (for the experi-
ments reported here, a glass frit) has a sufficiently large zeta
potential to serve as EO pump‡ for controlling the volume of

the droplets protruding from the top plate. The device is filled
with distilled water as the working fluid. The metallized inner
surfaces of the top and bottom plates serve as electrodes, to apply
an electric field across the sandwiched middle layer. For all
devices reported in this paper, a single pump feeds many holes
while the concept includes the possibility of having an individually
addressable pump for each hole, or many holes per pump and
many pumps per device. See SI Text for more details.

Devices are fabricated in two ways: of hard plastic using a
traditional machine shop (MS) approach, used for basic testing;
and of silicon wafers (SW) by standard photolithography tech-
niques, used to achieve compact size. Typical device dimensions
are 2 × 2 cm, with thinness of 3–4 mm for SW devices. The smal-
lest holes tested presently are ϵ ¼ 150 μm, with N ¼ 4876 for
ϕ ¼ 0.4. For a sense of the broad engineering challenges faced
in the design, fabrication and actuation of a large array of
droplets in unison, the reader is referred toMaterials and Methods
and SI Text.

Next we summarize pump theory and design. EO pumping
arises from the electric double layer at a solid–liquid interface
so that a material with large surface-area-to-volume is favored
for the pump. Furthermore, according to the Smoluchowski
approximation (17), pump pressures scale with the inverse square
of pore size, favoring small pores. In the SECAD, successful
switching between the attached and detached states requires a
pump strength S sufficient to push out and pull back liquid,
S ≫ 1, where S≡ 2ϵjeζV j

βR2σ is a dimensionless measure of the EO
driving force against the resistance to flow by capillarity. Here,
e is the electric permittivity of the liquid, ζ is the zeta poten-
tial of the liquid/porous material, V is the electric potential drop
across the pump, β is a scaling factor of order unity (see SI Text),
and R is the effective pore radius of the pumping material (see
Table S1 for typical values). Note that S does not depend on N
due to the parallel action of pressure across all holes in the top
plate. In the absence of a substrate and for N ¼ 2, the predictive
capability of S has been demonstrated in (14).

The time τ to switch between the attached and detached states
is the time to move a requisite volume by the imposed flow rate of
the pump. τ can be approximated by independently known pa-
rameters, τ ¼ ϵϕμαL

ψ jeζV j (see SI Text). Here α is the nondimensional
spacer height (Fig. 1A, typical value is α ≈ 0.2), L the porous layer
thickness, μ the liquid viscosity, and ψ the pump porosity. In the
absence of a substrate and for N ¼ 2, the basic scaling of τ with
the inverse of V when S ≫ 1 has been demonstrated in (14).

Results
Basic EO control of the droplets is shown in Fig. 2B (i and ii) and
Movie S3. Initially, the array of droplets extends barely above the
top plate. A 12.5 V pulse applied to the pump for 2 s results in
large droplets; no substrate is present. The observed EO flow
takes about 180 ms for the droplets to reach hemispherical
volume compared to a predicted τ ¼ 150 ms. Fig. 2B suggests
applications beyond adhesion. For example, surface pro-
perties other than wettability [e.g., optical properties such as
absorbtion/reflection or optical lensing (18)] might be modified
in real-time, or precise amounts of fluid might be delivered in
microfluidic applications. Configurations like that in Fig. 2B
(ii) are unstable over long times due to volume scavenging
(14, 19). However, scavenging can be suppressed by designing
a high interdroplet flow resistance; for example, by choosing a
small pore size for the pump material.

Fig. 3A (Inset) shows the SECAD adjacent to the underside of
a force transducer. This test measures time traces of force
directly. The valve is set so that the device is subject to the free
surface pressure which, for our test, is the ambient atmospheric
pressure. Results from a typical experiment are shown in Fig. 3A
(also see Fig. S1). Here, a 40 V “grab” pulse is applied to the

Fig. 1. Switchable wet adhesion concept and demonstrations (also see
Movies S1 and S2). (A) Concept: Top and bottom states are static equilibria,
characterized by zero power consumption. Moving from one equilibria to the
other is accomplished by pumping liquid into or out of the device (pump not
shown). (B) Substrate-pendant experiment, with device (Upper Left) holding
a Plexiglas substrate (2 cm × 2 cm, arrow points to substrate). Oscilloscope
shows “attach” voltage pulse. (C) Device-pendant experiment, with device
(arrow points to top surface, visible through Plexiglas substrate) holding
its own weight plus a payload for over 7 min at zero voltage. (D) Substrates
successfully tested in (B), left to right: plywood, sandpaper, linoleum, brick,
and roof shingle. (E) Slim-profile device: 2 cmwide, 1.1 mm thick, ϵ ¼ 300 μm,
and ϕ ¼ 0.1. Electrode interconnects to either side, filling port extends down
the middle, and no spacer is present here.

‡Glass frits with very fine porosity (Robu, Rnominal ¼ 1.3 μm) are used as the porous layer
here and are sufficient for pumping against droplets down to ϵ ¼ 300 μm at 10 V and
are used in the present study. Despite a reduced zeta potential, other materials can, with
finer pores, pump against even smaller droplets.

3378 ∣ www.pnas.org/cgi/doi/10.1073/pnas.0914720107 Vogel and Steen

h>p://www.livescience.com/6038-­‐spider-­‐man-­‐device-­‐humans-­‐walk-­‐walls.html	
  
Vogel	
  and	
  Steen,	
  PNAS,	
  2010	
  	
  

Uses	
  capillarity-­‐based	
  adhesion	
  
	
  
Switchable:	
  contacts	
  can	
  be	
  quickly	
  made	
  or	
  
broken	
  with	
  electronic	
  control	
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A	
  New	
  Type	
  of	
  Calendar	
  

15	
  h>p://www.dezeen.com/2009/07/17/ink-­‐calendar-­‐by-­‐oscar-­‐diaz/	
  



	
  	
  

Piezoelectric	
  Effect	
  

When	
  you	
  squeeze	
  a	
  piezoelectric	
  crystal,	
  
the	
  length	
  of	
  the	
  crystal	
  may	
  only	
  change	
  
a	
  few	
  nanometers,	
  but	
  that	
  small	
  change	
  
is	
  enough	
  to	
  generate	
  electricity.	
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What	
  is	
  Piezoelectricity?	
  

•  Piezo: to squeeze or press (Greek) 

•  Piezoelectric materials produce a voltage when they 
change their shape (by being stretched or squeezed) 
and they change their shape when a voltage is applied 
across them.  

•  But, why do piezoelectric materials produce a voltage 
when squeezed?  

 17	
  



	
  	
  

What	
  Creates	
  Voltages?	
  

Voltages are created when…  
 Electrical charges of opposite signs are separated 

 
Examples:  a battery has a voltage due to chemical reactions 
                   a solar cell has a voltage due to energy from the sun 
                   piezoelectrics have a voltage due to mechanical force 
 
 
 
 
 
 
What makes these charges become separated? 

 Small shifts in atomic positions (at the nano scale) 
18	
  



	
  	
  

Piezoelectrics	
  at	
  the	
  Nanoscale	
  

19	
  

Before	
  force	
  

When	
  a	
  force	
  is	
  applied,	
  the	
  atomic	
  posi5ons	
  shi`	
  
	
  	
  	
  	
  -­‐-­‐	
  This	
  changes	
  the	
  distribuCon	
  of	
  charges	
  



	
  	
  

Piezoelectrics	
  at	
  the	
  Nanoscale	
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A`er	
  force	
  

When	
  a	
  force	
  is	
  applied,	
  the	
  atomic	
  posi5ons	
  shi`	
  
	
  	
  	
  	
  -­‐-­‐	
  This	
  changes	
  the	
  distribuCon	
  of	
  charges	
  

IniCally	
  the	
  charge	
  distribuCon	
  was	
  symmetric	
  around	
  the	
  center	
  point	
  
	
  
But	
  now	
  the	
  charge	
  distribuCon	
  is	
  not	
  symmetric	
  
	
  	
  	
  -­‐-­‐	
  Some	
  regions	
  are	
  more	
  posiHvely	
  charged,	
  some	
  are	
  more	
  negaHvely	
  charged	
  



	
  	
  

Piezoelectrics	
  at	
  the	
  Nanoscale	
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Because	
  there	
  are	
  regions	
  that	
  are	
  more	
  posiCvely	
  charged,	
  and	
  others	
  that	
  are	
  more	
  
negaCvely	
  charged,	
  there’s	
  now	
  a	
  voltage	
  across	
  the	
  material	
  
	
  
This	
  process	
  (of	
  atoms	
  shiUing	
  due	
  to	
  force)	
  happens	
  throughout	
  the	
  material,	
  producing	
  
effects	
  we	
  see	
  at	
  the	
  macroscale	
  

Background	
  shading	
  indicates	
  regions	
  that	
  
are	
  more	
  posiCvely	
  (red)	
  or	
  negaCvely	
  
(blue)	
  charged	
  



	
  	
  

Piezoelectricity:	
  A	
  review	
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Nanoscale	
  
Macroscale	
  

Piezoelectrics	
  produce	
  a	
  voltage	
  when	
  their	
  shape	
  is	
  changed.	
  	
  	
  
	
  
The	
  way	
  a	
  material	
  behaves	
  on	
  the	
  macroscale	
  is	
  affected	
  by	
  its	
  
structure	
  on	
  the	
  nanoscale.	
  	
  



	
  	
  

Wide	
  Range	
  of	
  Applica5ons	
  

•  Generators (mechanical à electrical): sensors 
•  Can sense changes in force, acceleration, pressure 

•  Actuators (electrical à mechanical): motors 

h>p://global.epson.com/innovaCon/technology_arCcles/201306_03.html	
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Gyroscopes	
  

24	
  h>p://sunglidetours.wordpress.com/	
  
h>p://www.nec-­‐tokin.com/english/product/piezodevice2/ceramicgyro.html	
  



	
  	
  

Sensors	
  for	
  Detec5ng	
  Concussions	
  

25	
  h>p://news.byu.edu/releases/archive13/Nov/helmetsmarjoam/1310-­‐76%20117.jpg	
  



	
  	
  

TV	
  Remote	
  Control	
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“ConvenConal	
  piezoelectric	
  films	
  are	
  
usually	
  subject	
  to	
  a	
  pyroelectric	
  effect,	
  
which	
  is	
  a	
  disadvantage	
  because	
  they	
  
cannot	
  detect	
  bending	
  and	
  twisCng	
  
vibraCons	
  separately	
  from	
  changes	
  in	
  
temperature.”	
  

h>p://www.murata.com/new/
news_release/2011/0921/	
  



	
  	
  

Harves5ng	
  Energy	
  From	
  Roads	
  

27	
  
h>p://innowa>ech.co.il/index.aspx	
  	
  	
  	
  	
  h>p://www.jpost.com/Health-­‐and-­‐Sci-­‐Tech/Can-­‐we-­‐generate-­‐electricity-­‐as-­‐we-­‐drive	
  	
  	
  

Innowa>ech	
  has	
  already	
  done	
  pilot	
  projects	
  in	
  Israel	
  
•  They	
  esCmate	
  200	
  kW/hour	
  along	
  a	
  1	
  kilometer	
  stretch	
  of	
  road	
  
•  Per	
  kilometer:	
  3,000	
  generators	
  ($30	
  each)	
  

Innowa>ech	
  thinks	
  they’d	
  get	
  a	
  return	
  on	
  their	
  investment	
  in	
  4-­‐7	
  years	
  



	
  	
  

Other	
  Examples	
  of	
  Energy	
  Harves5ng	
  

h>p://www.gizmag.com/in-­‐shoe-­‐energy-­‐harvester/19623/	
  
h>p://inhabitat.com/green-­‐a-­‐go-­‐go-­‐at-­‐londons-­‐first-­‐eco-­‐disco/	
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Crea5ve	
  Fun	
  

There are so many other possibilities for energy 
harvesting – what can your visitors think of? 

 
 

h>p://www.microgensystems.co/content/MicroGen_BOLT-­‐INDUSTRIAL_Jun2013.pdf	
  
h>p://www.treehugger.com/clean-­‐technology/piezo-­‐shower-­‐heats-­‐water-­‐without-­‐electricity.html	
  
h>p://www.gizmag.com/insect-­‐cyborgs/20596/	
  

shower	
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Related	
  Topics	
  

•  Gravity (related to Capillary Action) 
•  Exploring Forces: Static Electricity (2012) 
•  Exploring Forces: Gravity (2010) 

 
•  Smart Materials (related to Piezoelectric Effect) 

•  Exploring Materials: Oobleck (2014) 
•  Exploring Products: Liquid Crystal Display (2013) 
•  Exploring Materials: Memory Metal (2013) 

30	
  



	
  	
  

Fuel	
  Vaporizer	
  

h>p://machinedesign.com/archive/pump-­‐no-­‐moving-­‐parts	
  

Uses	
  capillary	
  acCon	
  to	
  pull	
  the	
  fuel	
  
up	
  through	
  pores;	
  uses	
  heat	
  to	
  
vaporize	
  the	
  fuel	
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More	
  on	
  Capillary	
  Ac5on	
  

Capillary	
  ac5on	
  doesn’t	
  
always	
  make	
  fluids	
  rise!	
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= h

θwater/glass=	
  0°	
  	
  	
  	
  	
  	
  	
  	
  θmercury/glass=	
  140°	
  

Mercury	
  undergoes	
  very	
  strong	
  metallic	
  
bonding,	
  so	
  it	
  prefers	
  to	
  bond	
  with	
  itself	
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More	
  on	
  Dipoles	
  

Example:	
  water	
  dipole	
  

h>ps://uspace.shef.ac.uk/docs/DOC-­‐51945	
  

PZT	
  is	
  asymmetric,	
  since	
  Zr/Ti	
  is	
  
not	
  in	
  the	
  center	
  
	
  
Since	
  Zr/Ti	
  carrier	
  a	
  4+	
  charge,	
  
when	
  it	
  moves	
  it	
  creates	
  a	
  dipole	
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