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General Materialsand Methods. The NdFeB magnets (square prisms: grade N50, 2 in
x 2 in x 1 in, Model # NB063-N50; rectangular prisrgrade N42, 4 in x 2in x 1 in,
Model# NB0O79) were purchased from Applied Magnets\y.magnet4less.com) and
positioned with like poles facing each other witamaluminum casing. The aluminum
casing for the magnets was designed and fabritst€dhudreau Engineering (West
Warwick, RI) for a fee. All chemicals were purcedgrom Sigma-Aldrich (Atlanta,

GA) and used without further purification, unlesged otherwise. All plastics,

polymeric sheets, and tapes were purchased fromadtitCarr (Princeton, NJ;
www.mcmaster.com), unless noted otherwise. Slodgislymethylmethacrylate

(PMMA) were purchased from Astra Products (BaldviNiY,; www.astraproducts.com).
Sheets of polystyrene were purchased from Utrechinpridge, MA;
www.utrechtart.com). Polyvinyl chloride tape (PV&)d aluminum tape were purchased
from McMaster-Carr (Princeton, NJ; www.mcmaster.gofcotch® Double-Sided
Carpet Tape (CT 2010) was purchased from 3M. edonylar tape was purchased
from The Band Hall (Nashville, TN; www.thebandhatim). Masking and labeling tapes
were purchased from VWR International. We purctaselastic Fresnel lens from
Edmund Industrial Optics (Barrington, NJ), and avax lens from Thorlabs (Newton,
NJ; www.thorlabs.com). Plastic diffraction graténgnd a red laser pointer were
purchased from Edmund Scientifics (Tonawanda, NWywscientificsonline.com). We
used a 100 mW green laser purchased from Wickeersda/ww.wickedlasers.com) for

demonstrating the function of levitating opticahgmonents.



Figure S1. Photograph of the device for MagLev. The degiomprises two NdFeB

magnets positioned with like poles facing each ottithin an aluminum casing.
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Figure S2. A) Simulation of the magnetic field in the YZ-plaatd = 25, 35, and 45
mm. The magnitude of the magnetic field in thesmukations is constrained between 0
T and 0.4 T. Dotted square circumscribes the regazupied by levitating objects in
panels B and C. B) Photographs of three squafes {D mm) fabricated from layers of
PMMA and PVC levitating in 1.5 M MnGl The density defines the vertical levitation
height of each square, and the gradient of the etagfeld in the Z-direction (controlled
by varyingd) determines the vertical spacing between the sguat) Photographs of a
square with an asymmetric density pattern made P&wand PVC levitating in 1.0 M
MnCl, atd = 25, 35, and 45 mm. Varying the valueddlters the tilt angle of the square

with respect to the gravitational axis.

A G

A y 4 s '
y 4 s N

N — 103

N N N
S S S
0.0
d=25mm d=35mm d=45mm
2= — S T ruma
| == —— —_— P

0

o
N
o
(]

| g—

E = B PVC

- <4

E N -
= \ PVC

o —| === e

6= 55 50° 45°



Figure S3. Photographs of self-assembly inside a closedagoerit. A) A mirror and a
pinhole sink to the bottom of the container in diisence of an applied magnetic field.
B) Positioning the container between the two magnatises assembly of the

components. C) The levitating mirror guides ligimough the pinhole.
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Figure $4. Photographs illustrating the use of tilting fantrolling the orientation of
levitating mirrors. Photographs show two tiltedmmis and a red filter placed in between
them for reference. A) Initial position of leviitag objects introduced into the MaglLev
device. B) Tilting the device to the left rotatee mirrors with the heaviest part pointing
towards the direction of tilt. C) Re-leveling ttevice traps the mirrors with the heaviest
part pointing left. D) Tilting the device to thigit rotates the mirrors with the heaviest
part pointing right. E) Re-leveling the devicepsahe mirrors with the heaviest part

pointing right.
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Figure S5. A) Photographs demonstrating alignment and joositg of mirrors

levitating in aqueous 1.5 M Mng&l Levitating mirrors guide the laser beam by
reflection; the distance between the magr#tsd@ntrols the tilt angle of each mirror. B)
A levitating mirror guides light through a convens (left) and a Fresnel lens (right). C)
A levitating mirror suspended in ag. 1.5 M Mp@uides light through a transmissive

diffraction grating. The grating produces a ditian pattern on the bottom of the

container. Scale bars in all photographs are 5 mm.
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Fabrication of Components from L ayers of Polystyrene (PS) and Polyvinyl Chloride
(PVC) Tape. To fabricate the components shown in Figure 2B next), we pressed
the PVC tape against the surface of polystyrenenaaxaially cut this polymer composite
using scissors into squares of 10 mm x 10 mm.falbocate the components shown in
Figure 2C, we cut polystyrene into squares withatisions of 10 mm x 10 mm, and
PVC tape into squares with dimensions of 8 x 10using scissors. We then pressed
PVC against one surface of polystyrene to fabrite@ecomponents shown in Figure 2C

(left), and against both surfaces for componentshio Figure 2C (right).

Fabrication of Components from Layers of Polymethylmethacrylate (PMMA) and
Polyvinyl Chloride (PVC) Tape. Components shown in Figure 3 were fabricated from
layers of PMMA and PVC and cut into specific shapgisg a laser cutter

(VersaLASER, Model VLS 3.5, Universal Laser Systeosng a general procedure
shown in Figure 2A. The component levitating & tbp was made from red-colored
PMMA (Figure 3) having a thickness of 1 mm. Thenpmnent levitating in the middle
was made from a sheet of PMMA (0.5 mm thick) sactietl between two layers of
orange-colored PVC tape. The component levitairtge bottom was made from a
sheet of PMMA (0.2 mm thick) sandwiched betweepé¢Hayers (one on top, and two on

the bottom) of blue-colored PVC tape.

Fabrication of Componentswith Optical Function.
Lenses, Filters, and Pinholes. A plastic Fresnel lens (Aspheric Fresnel Lens; 8.

0.6", 0.2" FL, part number NT43-021) was purchasech Edmund Industrial Optics



(Barrington, NJ; www.edmundoptics.com), and plastinvex lens (part # CAY046) was
purchased from Thorlabs (Newton, NJ; www.thorlatx); these lenses were levitated
without further modification. Red and green fitavere fabricated from red- and green-
colored PMMA (1 mm thickness, Astra Products, wvatraproducts.com) by laser-
cutting the PMMA sheet into circles with a diameté7 mm each. A PMMA-based IR
filter was supplied by Astra Products, and cut mfo-mm diameter circle using a laser
cutter. The pinhole was fabricated from PMMA-ba#edilter (0.5 mm thickness, Astra
Products, www.astraproducts.com) by laser-cuttmgRMMA sheet into a square with

dimensions of 6 mm x 6 mm having a 0.5 mm holéatcenter.

Mirrors. To fabricate the mirror shown in Figure 4A (top) pressed mirrored mylar
tape (The Band Hall, Nashville, TN) against thdate of PMMA having a thickness of
0.2 mm, and used a laser cutter to cut a squaferofh x 7 mm. We then covered the
non-reflective surface of this object with two lay®f masking tape with dimensions of 6
mm x 7 mm. To fabricate the mirror shown in Figdre(bottom) we pressed mirrored
mylar tape against the surface of PMMA having akthéss of 1.0 mm, and used a laser
cutter to cut a square of 7 mm x 7 mm. We theresythe non-reflective surface of
this object with one layer of aluminum tape witiménsions of 5 mm x 7 mm. The

mirrors shown in Figure 4B were fabricated usin@aalogous process.

Diffraction Gratings. We used squares of PMMA (7 mm x 7 mm with a 4 miram
cutout window in the center) as supports for conumaéplastic diffraction gratings

(Edmund Scientific’'s, Tonawanda, NY). To fabrictte diffraction grating, we covered



the surface of PMMA (0.5 mm thick) with double-gidadhesive tape and cut the square
using a laser cutter. We then pressed the comatg@ieistic diffraction grating against
the adhesive tape. The orientation of the linghefdiffraction grating with respect to
the supporting PMMA square can be used to corttietiiffraction pattern when multiple

gratings on square supports are aligned on tom@foother by MagLev.

Fabrication of Interlocking Components. The interlocking structures were generated
by placing components with programmed shape ansitggisee details below) into a
plastic container filled with 1.8 M Mnghnd positioning the container in the MagLev
device. The container was equipped on its sidie avthole and tubing for draining the

fluid. The fluid was removed manually using a sga.

Concentric Circles. To fabricate the concentric circles shown inufeg6, we adhered
various kinds of tapes to a PMMA sheet with a thess of 1 mm, and cut the shapes out
using the laser cutter. We used the following atlestapes: two layers of blue labeling
tape (VWR International) for the first shape, némethe second shape (just red PMMA),
a layer of orange PVC tape on one side and a t#fyehite Byta® film (VWR
International) on the other side for the third shaplayer of blue PVC tape on one side
and a layer of white polytetrafluoroethylene (PTHE) with adhesive backing (0.005”

in thickness, McMaster Carr) on the other sidetlierfourth shape. To fabricate the base
we used a laser cutter to engrave a pattern thalidveollect the concentric circles on top
of it, and cut it using a laser cutter. The bass fabricated from PMMA (1.5 mm

thickness) adhered to two layers of PTFE film vatthesive backing (0.005” thickness).
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Interlocking Squares. The red component was fabricated from red PMMAM in
thickness, Astra Products) by laser cutting. YeJlgreen, and blue components were
fabricated from colored PMMA (3 mm in thickness, Mister Carr) by laser cutting and
engraving. The levitation height of each compoest programmed by layering
adhesive tape/film onto the surface of PMMA primtdser cutting. We used two layers
of yellow labeling tape (VWR International) for tlyellow component, one layer of
PTFE film (0.005” thickness) with adhesive backiiog the blue component, and two

layers of the same PTFE film for the green comptnen

Derivation of an Analytical Expression for the Angle of Tilt.
For a diamagnetic object with a homogeneous digioh of density and

magnetic susceptibility throughout its volume analttis suspended in a paramagnetic

solution under an applied magnetic fiel,(T), eqn (1) gives the magnetic fordg,

(N), and eqgn (2) gives the force of gravil%, (N), acting on the object.

£, =W )y (5m)5 )
Ho
Fy=(0-p.)V0 2)

In these equationsy,, (unitless) is the magnetic susceptibility of the
paramagnetic medium ang (unitless) is the magnetic susceptibility of tusgended

object, y, = 4mx107 (N-A™) is the magnetic permeability of free spade(m®) is the
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volume of the objectp (kg'm™) is the density of the objecp, (kg:m™) is the density of
the medium, andj is the vector of gravity.
The force of gravity (corrected for the effect oflyancy), Ifg , is always directed

to or away from the center of the Earth, and thgmitade of this force does not depend
on the position of the object inside the vessébag as the densities of the paramagnetic

medium and the object remain constant for the curadf the levitation experiment. The
magnetic force acting on the diamagnetic obj@g,, is directed towards the minimum of
the magnetic fieldB, and the magnitude of this force depends on tiséipp of object

in the field. In a 3D Cartesian coordinate systemvhich the Z-axis is aligned with the
direction of the vector of gravityg = (0, 0, —g) , the magnetic and gravitational
forces acting on the homogeneous diamagnetic oljeagiven by eqns (3) and (4).

0
F,=(p-pn)Va = 0 (3)
~(p-p.)Va

(X_Xm)v(sx B, B, B g aBXj

Uy ox dy ° oz
F,= (X_Xm)v(émﬁ)éz (X_Xm)v(sx %, B, % /B, aByj (4)
Ho Ho 0X oy 0z
(X~ Xa)

v % .5 B 5 B
ox 7 ay 0z

Hy
For a composite object (subscrgytof heterogeneous density comprising two
non-overlapping components (subscripendb) of homogeneous densities whose

centers of mass are connect by a massless rodgthle, the total force acting on the

composite is a vector sum of the forces acting®oanstituent objects, eqn (5).
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c=F9a+|fgb+|fna+|ffTb=
=(pa _pm)vag +(10b _lom)vbg + (5)
+(Xa;Xm)va(B(ra)Eﬂﬂ)B(@)+ (Xb;)(m)vb(é(rb)[”j)é(rb)
A 0

In egn (5),, is the coordinate of the center of mass of onepmant, and;, is

the coordinate of the center of mass of the otbeponent. (Note that for an object with
a homogeneous distribution of density over its m@uthe center of mass and the center
of volume coincide.) The vector form of the netciacting on the composite object is
then given by eqn (6), in which the expressionsiving the magnetic field for each of

the two components are evaluated at the locatiegheofomponents.

(/Ya_/Ym)Va Bx an +B an +BZ aBX +(/Yb_Xm)Vb Bx an +B an +BZ aBX
Uy ox 7 dy 0z ), Uy ox 7oy 0z ),

= (Xa _/Ym)va (Bx aBy + By aBy + Bz aByJ + (Xb _/Ym)vb (Bx aBY + By aBy + Bz aByJ
My 0X ay 0z ) Hy 0x oy 0z )
(Xa=Xu)Va y 0B, , 5 9B, , B, o8, ,
Uy ox oy 0z ),
X=X (5 0B, 9B, o OB,
Uy “ox Yoy  “oz)
(6)

Equation (6) can be simplified if we assume thatrttagnetic susceptibilities of

~(0, = Pu)Va0 = (0 = L) VL9 +

the two components of the composite object arsdnee (v, = X, = x.) and take into

account the geometrical configuration of the experital setup we used for magnetic
levitation. The exact analytical expression déscg the magnetic field between two

identical rectangular permanent magnets in ankeltinholtz configuration in 3D is
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fairly complex. A 3D numerical simulation (COMSQMultiphysics, COMSOL, Inc.,

Burlington, MA) of the magnetic field in our magitelevitation setup (two identical

NdFeB, 5 cm x 5 cm x 2.5 cm, permanent magnetsiposd with like poles facing each

other and separated by a distadee45mm) reveals that within an approximately 10-mm

radius of the centerline connecting the centeth®two magnets,

B, 0B, _ B 0B, +B, 0B, B E>> BX@J, BZE , and
ax Y dy oz )" 7 oy ox 0z

B 0B, __ B, B, , g 9B )
0z ox 7oy

We assume that the composite object levitates mitie 10-mm radius around

the centerline. Eqgn (6) can then be simplifiechgghe results of these computations and

the assumption regarding the magnetic suscepisildf the components to yield eqn (7).

(Xe = Xun)

Ho

(Xe = Xn)
Hy

~(Pa=P)Va9 = (0, — P )Veg +

(Va(BXEJ +Vb(B
X J,

0B
(o) v

(Xe = Xm) (Va

0

(7)

0B,
0Xx

0B

y

ya_y

X

)
)

o)l
0z ),

0B,
0z

We set the system of coordinates such that theiZemncides with the

)

centerline (the line connecting the centers otttweemagnets), the origin is in the center

of the top surface of the bottom magnet, and thegpMze contains the centers of mass of

both components of the composite object. In thizrdinate systemB, (y,z) =0 in the

YZ plane, and therefore any translation and rotatibthe composite object approaching

the equilibrium will localize in the YZ plane.
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Our numerical simulation also shows that within ath® 10-mm radius of the

centerline,B, (y, z) varies virtually linearly in Y-direction®, =0 for y =0), and
B,(y, z) varies virtually linearly in Z-directiong, =0 for z:%). If we neglect the

small variation ofB, (y, z) in the Z-direction and oB,(y, ) in the Y-direction, these

components of the magnetic field can then be apmrabed with expressions given by
egns (8) and (9).

B,(y,2)=a,y (8)

—a2-9
Bz(y,z)—a{z 2) (9)

Equation (7) for the net force acting on the coniteasbject can then be

simplified to yield eqn (10).

0
F = ()(c;[)(m) (Vaajya +vbay2yb) (10)
0
e~ Xm d d
~(0. = )0~ (0, — P ) Vo0 o e =) (Vaaf (Za -—j +Vb03£2b -—D
Hy 2 2

For a composite object levitating at equilibriuimg inet force acting on the object
and the torque around any pivot point must equal. z&he first condition of equilibrium

yields egn (11).
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0
(=) .
Xe ™ Xm (Vaaiya +Vba5yb) =0 (11)
Hy 0
Xe = X d d
~(02= Pu)Va9 = (2 = Pn) V19 +Q[Vaaf(é ——j +Vbaf(zb ——D
Ho 2 2
The second condition written for a pivot point [texhat the center of mass of
componenb gives eqn (12), in whicli =7, -, .
0 0
Xa ™% _
' x( ﬁga + _’ma) = Ya™ ¥ X wvaajya =0 (12)
2,2, 0()( ) NI
- pa_pm Vag+ = = Vaazz(za__j
( ) m >

We can express the coordinates of the center o nfasomponent through the
coordinates of the center of mass of compoaerd is shown in eqn (13), in whic¢his
the angle of tilt of the composite object in YZmpta defined as the angle between the Z-
axis (vertical direction) and the link connectihg ttenters of mass of the two
components comprising the object.

Y, =Y, —Lsing

13
z,=2,—Lcosf 13

Substituting eqn (13) into egn (11) and eqn (12) performing the vector
multiplication yields eqns (14). By solving the @ of equations given in eqn (14), we

obtain eqgns (15).
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—(XC';X”‘) (Vaajya +V,a; (Y, - Lsinﬁ)) =0
0
~(p. =P )Va9-(p, —pm)ng+M(Vaa§£Za —%}Vbafﬁza —Lcose—%jj =C
0
(—(,0a = Pn)Va0 +Mvaafz2 (za —%B Lsin@—wvaajyaL co¥= 0
0 0
(14)
— b H
Y. Y, Lsind
g =8, PV AVt AN = PG OH Vo oo (15)
2 aZ (X Xn)(Va+Vs) vV, +V,
cosd = (_Pb‘Pa)zg_ﬂoz
(/Yc Xm)(ay az)L
Combining eqn (13) with egn (15) yields eqgn (16).
A :V\f Lsing
a b
, =9, (ANVa =PVt PV = PVo) Ot , Vo | osp
2 azz(Xc_/Ym)(Va +Vb) Va +Vb
V. .
=———Ya | 16
Yo V4V, sind (16)
=9, (P, RLARIEN “Pb) Ot~ Va | osp
2 a?(Xe=Xu) (Vo +Vs) vV, +V,
cosd = (_Pb‘Pa)zg_ﬂoz
(/Yc Xm)(ay az)L

From eqn (16) we find that, for a composite objezar equilibrium, the angle of

tilt is given by egn (17), and the distance betwientop surface of the bottom magnet
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and the center of volume of the objebt, (evitation height) is given by eqn (18), in

pava + pbvb

(Va +Vb)

which p, = is the average density of the composite object.

(0, = 0.) 9t

2

— -1
o= )@z -a?)L

(17)

h= ZaVa+Zbe _9+(pc_lom)gtuo (18)

Va +Vb B 2 azz()(c _Xm)
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