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Abstract
This paper presents results on the development and fabrication of hollow 3D,
programmable-volume, micro-scale, artificial, non-biological volume cells or voxels. The
R
was used to construct a variety
standardized silicon wafer processing method PolyMUMPs
of polysilicon devices capable of being folded from two-dimensional shapes into
three-dimensional regular solids with dimensions in the order of 40–80 µm per side. Folding
of the devices was performed by a combination of magnetic and surface tension forces in
water. Complete closure of pyramidal structures with dimensions down to 40 µm per side was
achieved, as well as folding of five-sided boxes and half-dodecahedrons (lotuses) with
dimensions down to 40 µm per side.

1. Introduction

and thermally [3–5]. In our work we used magnetic actuation
as the main mechanism for out-of-plane actuation. The first
issue is folding the structure up out of the plane into the correct
shape and holding it in position. Subsequent problems are
sealing the structure and later programmatically unsealing it
to deliver its cargo.

The fabrication of nano- and micro-scale 3D, programmable
volume enclosures or voxels to encapsulate nano-scale
quantities of various materials is expected to greatly expand
current capabilities in nanoscience and engineering. A wide
variety of applications exist for such encapsulation technology.
One example is the delivery of a specific volume or dose
of a drug to a specific location in the body without causing
collateral damage to good tissue.
Various methods of enclosing volumes have been
described. These include the work at Boston University on
synthesizing bucky balls by origami and controlled folding
[1] and the UCSB work on using the shell of a virus as a
container [2]. In general, these methods give structures that
are fixed in size, and yet many applications (such as delivering
a specific dose) would be better served by making the volume
programmable. Our approach to programmability was twostep: first use planar manipulation processes such as MEMS
to pattern a surface with an ‘exploded’ or ‘origami version’ of
the desired final shape, and second, erect the voxel structure by
folding so that the folded panels enclose the required space.
Once folded to the correct shape, all that remains is to fix
the seams together to hold the origami in place. Changes in
size are simply accomplished by changing the scale of the
original pattern.
Out-of-plane actuation can be accomplished magnetically,
electrostatically, optically, electrochemically, mechanically

2. Device fabrication and sample preparation
The voxel devices consisted of polysilicon origami-like
structures covered with a layer of gold and constructed in
different geometries and sizes in order to enclose different
volumes with different shapes. Figure 1 shows the general
two-dimensional design layouts and the typical main features
common to all devices. In figure 2 we show an optical image
of a portion of one of our chips. We designed our wafers
to have four quadrants: three of the quadrants consisted of
identical arrays of various 2D shapes that could be folded into
3D structures (e.g., five-sided boxes, six-sided lotuses, fourand five-sided pyramids, and single-flap two-sided devices)
and the fourth contained test devices consisting of cantilevers
of varying lengths and widths with either 2 or 4 µm wide
hinges for characterizing the magnetic field strength necessary
to bend different hinges. Two of the first three quadrants had
electrical connections that enabled us to electrically address
each individual device using bond pads built at the edge of the
chip (the bond pads are seen as squares at the edges of the
image in figure 2).
All of the devices were designed using MEMSPRO©
software and subsequently submitted for manufacture to
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devices and not on the hinges, since this would make the
hinges too stiff to bend using the magnetic field strength we had
available. Therefore, a glass/chrome photo mask (designed
using L-edit and made by Delta Mask4 was used to pattern the
photoresist on the devices. This provided the mold for frame
electroplating [7] and prevented plating from occurring on the
hinge regions of the voxels.
Electroplating was carried out in a 4 Petri dish filled with
a solution containing 0.7 M NiSO4, 0.02 M FeSO4·7H2O, 0.02
M NiCl2·6H2O, 0.4 M boric acid, and 0.016 M saccharine [8].
An external 1 inch diameter × 0.5 inch thick 13 kG NdFeB
magnet was placed at the outside edge of the dish so that the
field lines were parallel to the chip surface. This produces a
direction of preferred magnetization for the Permalloy. Plating
was performed simultaneously at a current density of about
1 mA cm−2 for ∼18 min at 21 ◦ C using a 150 mA capacity
galvanostat. No circulation of the plating solution was present
except that used to clear hydrogen bubbling as mentioned
in the following. These conditions produced a thickness of
1–2 µm. Higher current densities produced rougher surfaces
with less control. Hydrogen bubbling caused uneven plating
and so the chip surface was cleared of hydrogen bubbles every
30 s using a pipette to squirt plating solution over the surface of
the chip. The anode used for plating was a 0.25 mm diameter
Ni wire (Alfa Aesar) in four loops of 1.5 cm diameter and was
held 2 mm from the chip surface. Electrical contact to the chip
was made from the bond pad with a Ni microprobe contact (the
same material as the anode). A copper electrode (14.5 cm2)
was plated in parallel with the chip, which allowed currents
of 14–15 mA to be used to achieve the desired current density
and measurement using a simple digital volt/ammeter.

Figure 1. Schematic of the various unfolded voxels used: (a) single
flap, (b) five-flap lotus, (c) four-flap box and (d) three-flap
tetrahedral.

Figure 2. Optical image of the voxel layout on our chip.

3. Magnetic actuation of voxel devices

R
MEMSCAP using the PolyMUMPs
process [6]. Electrical
contact to the devices (suitable for electroplating the devices
with Permalloy) was made both by (i) polysilicon (POLY2)
wires covered with a layer of gold that was connected to bond
pads, and (ii) a base layer of polysilicon (POLY0) that connects
all devices on that layer to a single (or series of connected)
bond pad(s). The polysilicon layer comprising the structural
portion of the devices was 1.5 µm thick while the gold layer
used for electroplating and as the hinge material was 0.5 µm
thick.
Devices were constructed with combinations of three
basic dimensions. The primary dimension, i.e., the length
of one side/edge of the folded device, was 10, 20, 40 or
80 µm. The hinge width wg was either 2 or 4 µm (there were
two such hinges per flap and in a few cases three hinges) and
the length of the hinge-bending region was 5, 6.3 (single flap
devices only) or 8 µm.
In order to accommodate post-process electroplating of
the devices with a thin layer of Permalloy for magnetic
actuation, we opted to receive them from MEMSCAP in
an unreleased state. This enables lithographic processing
without risk of damaging free-hanging structures. During
the post-process electroplating it was necessary to ensure that
Permalloy electroplating occurred only on the flaps of the

Since the strength of the magnetic field required to actuate the
devices scales with the third power of the hinge thickness [4],
we needed to remove the polysilicon layer below the hinges
in order to bend the structures with the magnets that we had
available. Following the release of the structures, we used
a CF4/O2 plasma-etching process to narrow both the width
thickness of the polysilicon portion of the hinges until that
portion of the hinge was non-existent. This left only the gold
portion of the hinge and enabled magnetic actuation. Plasma
etching took place while the voxels were in a free standing
(released) and unmasked state. This etching also had the
effect of undercutting the polysilicon along the edges of the
flaps approximately 0.5 µm but did not reduce the thickness of
the flap to any significant degree since the underside of the flap
was largely shielded from etching due to its geometry.
The two-dimensional structures were folded upwards
using a 13 kG NdFeB magnet with its field direction normal
to the plane of the Permalloy-coated devices. Then, to
complete our goal of enclosing volume with our devices, we
used the capillary forces generated when a folded device was
wetted or submerged into water to close the structures. This
novel procedure of closing structures using capillary forces is
described in more detail below.
4
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(a)

(b)
(a)

Figure 3. Schematic cross-sectional view of a single-flap voxel
showing the surfaces present at (a) post-magnetic actuation and
(b) post-de-plating.

(b)

Figure 5. SEM images of 80 µm/side (a) tetrahedral and (b)
pentahedral voxels after vertical actuation and evaporative closure.

Figure 4. SEM image of a five-flap lotus voxel after magnetic
actuation.

A cross-sectional representation of a single-flap device
in a post-actuated pre-de-plated state is shown in figure 3(a)
and in a post-de-plated state in figure 3(b). A series of
SEM images demonstrating the folding of devices are shown
in figures 4 and 5. In each figure, the devices have been
plastically deformed to remain in the configuration shown
and are not under the influence of any external forces.
Figure 4 shows a folded five-flap lotus (half-dodecahedron)
device. Figures 5(a), (b) and 8 show fully closed 40 and
80 µm pyramidal devices, respectively, for which the
mechanism of complete closure is described below. Figure 6
is an enlarged view of one of the hinges of this device and
shows how the polysilicon portion of the hinge was completely
removed by the silicon etch (a in figure 6) to allow bending

Figure 6. Close-up SEM image of the hinge area of a tetrahedral
voxel after etching of the polysilicon layer showing thinning of the
polysilicon hinge (a) to zero width leaving only the gold portion of
the hinge (b).

of the hinge (b in figure 6) at a much lower magnetic field
strength. During our experiments, we observed that plastic
deformations to bend angles even greater than 90◦ were easily
achieved by manipulating the external magnet.
3
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(a)
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(c)

Figure 9. Schematic of a single-flap voxel and the liquid flow
directions used while attempting to close the device. (a) Parallel
wetting resulting in no actuation. (b) Perpendicular wetting
resulting in opening. (c) Perpendicular wetting resulting in closing.
(a)

Following partial folding and SEM imaging of the devices
shown in figures 7(a) and (b), the same devices were once
again immersed in an electroplating bath. This time the
bath was used to de-plate the Permalloy coating in order to
remove the Permalloy, which might be an undesired agent in
a final product. De-plating was performed under identical
conditions as those used for plating except that the polarity of
the galvanostat was reversed to produce a current flow in the
opposite direction. This process was done under the optical
microscope where we observed how the pyramidal structures,
which were previously erected by magnetic actuation to
no more than 90◦ , had become fully closed as shown in
figures 5(a), (b) and 8.
In addition, we observed after removing the chip from
the liquid that several other structures, such as single-flap
devices, were also closed shut, indicating that this liquidclosure technique is capable of closing both single-flap and
three- and four-flap pyramidal devices.
We performed a series of tests on devices that were
manually pre-folded to 90◦ . In two cases the devices were
first folded while dry and the chip was subsequently wetted
to observe the effects of random wetting versus directional
wetting. In the third case we manually folded the devices after
they had been submerged into water and subsequently allowed
the water to evaporate.
The effects of random wetting were investigated by
pouring water into the Petri dish until it covered the chip
completely. The chip surface (not the voxels themselves)
was hydrophobic and it was necessary to raise the water
level to nearly twice that of the chip before the water finally
wet the surface via a nearly instantaneous flooding from
all directions. After wetting, observations of the chip with
an optical microscope showed that the three- and four-flap
80 µm pyramidal structures had folded shut and some of the
single-flap 80 µm devices had closed shut.
These experiments were repeated under more controlled
conditions using a slow and directionally controlled
submersion of a voxel chip with devices that had been
pre-folded to specific directions relative to the submersion
direction. The chip was prepared by folding its voxel flaps to
∼90◦ at which point the chip was attached to a microprobe at
an angle of ∼45◦ . The chip was then slowly submerged into
water over a period of about 5 s (for a chip of 0.5 cm × 0.5 cm),
removed from the microprobe, and observed under an optical

(b)

Figure 7. (a), (b) SEM images of 80 µm/side tetrahedral and
pentahedral voxels after magnetic actuation in preparation for
evaporative closure.

Figure 8. SEM image of a 40µm/side pentahedral voxel after
evaporative closure.

4. Liquid closure of folded devices
We tested closure by surface tension using several methods of
wetting and submerging the devices in liquids with different
properties.
4
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Figure 10. Effects of flow relative to the hinge axis on the voxels: left, parallel flow was ineffective at closing a single-flap voxel, right,
perpendicular flow was effective at closing a single flap voxel.

Figure 11. Schematic of a tetrahedral chip with meniscus. The
dashed line indicates the flap that would otherwise block the view of
the flaps in the rear.

microscope while still submerged. The arrangement of the
chips in this experiment is shown in figure 9. Single-flap 40and 80-µm devices with hinges perpendicular to the direction
of the incoming water front were folded completely shut in
the same direction as the incoming water, while devices that
were hinged parallel to the incoming water were unaffected and
remained in their initial upright state. The closed 80 µm device
is shown in figure 10. Flaps on the multiple-flap voxels that
were hinged perpendicular to the direction of the advancing
water front bent in the direction of the advancing water, while
flaps on the same devices that were hinged parallel to the
advancing water remained in their initial positions. Removing
this chip from the water and allowing it to dry caused some
of the devices on the chip, which had not been folded by the
submersion, to now be folded closed. The direction of wetting
provided a predictable direction of folding.
Evaporation of water from a wet, partially folded voxel
can also be used to fold shut the devices. It has been shown
by Velev and others that when two hydrophilic structures are
immersed in a liquid there is a net attractive force between
those structures that increases inversely with the distance
between those objects [8, 9]. Figure 11 shows a schematic
of a tetrahedral voxel in a fluid showing the meniscus formed
around the hydrophilic surfaces (gold, and native oxide on
polysilicon in our experiment). Figure 12 shows the rise in
the fluid to form a meniscus between two close bi-material
structures submerged into a fluid and the surface tension
forces acting on those structures. We believe that these forces
are responsible for the final closing of our devices during

Figure 12. Schematic of two hydrophilic (θ < 90◦ ) bi-material
plates submerged into a liquid and the surface forces acting on those
materials. The surface forces present are at the liquid/air (fla ),
liquid/solid (fls1 , fls2 ) interfaces. Additionally there are adhesive
forces (fA1 , fA2 ) between the liquid/solid interface.

evaporation of submerged, partially folded voxels. Figure 13
shows the results on a real tetrahedral voxel chip. Here the
voxel chip was first submerged into water and then the voxel
leaves were folded to nearly 90◦ . The water level was then
lowered with a pipette until the surface of the voxel was above
the water level. Observations of the wet chip under an optical
microscope showed that the flaps of pyramidal devices slowly
closed to a nearly shut position as the water evaporated. The
flaps remained in this position as the remaining water inside
and around the voxel continued to evaporate. At a critical point
during evaporation, the flaps would ‘click’ shut in a very rapid
manner. We note that our devices are smaller than Velev’s
so that while we believe that the surface tension forces are
large enough to close our devices, his work does not cover
our case exactly. However, he found that the forces at small
distances could be much larger than predicted by usual theory,
thus supporting our experimental evidence of the voxel flaps
suddenly ‘clicking’ shut. The exact forces operating in this
regime need investigation by other investigators.
5
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(a)

(b)

(c)

(d)

Figure 13. Optical images of a tetrahedral voxel from above as it closed by evaporation; (a)–(d) are progressively lower water heights with
respect to the peak of the voxel.

5. Conclusions
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