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Abstract—A linear-to-rotary motion converter is demonstrated
using 3-D SiGe/Si dual-chirality helical nanobelts (DCHNBs).
Analytical and experimental investigation shows that the motion
conversion has excellent linearity for small deflections. The conversion ratios of displacement and load for a SiGe/Si DCHNB
(an 8-nm-thick Si0.6 Ge0.4 and a 10-nm-thick Si layer) are found
to be 171.3◦ /µm and 2.110 × 10−6 N · m/N, respectively. The
stiffness (0.033 N/m) is much smaller than that of bottom-up
synthesized helical nanostructures, which is promising for highresolution force measurement in nanoelectromechanical systems.
To perform torque measurement, two atomic force microscope
cantilevers are used for simultaneous characterization of axial
and radial properties of the same nanostructure. An application
related to 3-D imaging is shown in a scanning electron microscope.
The ultracompact size makes it possible for DCHNBs to serve
as rotary stages for creating 3-D scanning probe microscopes or
microgoniometers.
[2009-0045]
Index Terms—Helical nanobelt (HNB), microgoniometer,
motion converter, nanoelectromechanical systems (NEMS), 3-D
scanning probe microscope (SPM).

I. I NTRODUCTION

M

ECHANICAL motion, particularly resonance, is at the
core of many nanoelectromechanical systems (NEMS)
[1]–[6] that are envisioned, and conversion between various
forms of motions will play an important role in future nanosystem applications. Motion converters have been widely used
for millennia to transmit actuator motion at different speeds
and torques or in different directions. Typical examples include such pairs as pinion–gear, pinion–rack, pinion–worm,
wheel–belt, wheel–chain, cable–pulley, and linkage mechanisms. The most commonly used mechanisms for converting
linear motion to rotary motion use a piston moving in a cylinder
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Fig. 1. Motion converters using DCHNBs. (a) Linear-to-rotary motion converter for 3-D microscopy using an irradiation source (light, electron beam, or
FIB). (b) Linear-to-rotary motion converter for 3-D SPM. (c) Linear-to-rotary
motion converter using a DCHNB. (d) Transmission converting linear motion
to extended linear (small displacement)/rotary (large displacement) motion.
(e) One-pitch helix under an axial extension force. Three-dimensional and plan
view show how the geometry changes from the initial position (radius r0 , pitch
angle α0 ) to the deflected position (radius r, pitch angle α) with a deflection δ
and an induced rotational angle θ.

to rotate a crank shaft by means of a link. It is interesting to note
that at molecular scales in nature, similar converters also play
an important role in motion conversion [7].
One application area of motion conversion is for 3-D microscopy, in which samples are rotated [Fig. 1(a)] so that different views are exposed to light, electron beams, or focused-ion
beams (FIBs). Conventional rotary/tilt stages usually consist of
gear trains, bearings, and other elements actuated by motors.
Due to the clearance of the motion pairs and the deviation
between the optical and rotary axes, it is commonly required
to readjust the imaging field, focal plane, and other parameters.
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Furthermore, due to mechanical constraints, a 360◦ rotation is
extremely difficult to achieve, leaving some aspects inaccessible. Goniometry has been an important technique in transmission electron microscopes (TEMs) for obtaining electron
diffraction patterns, high-resolution images, and tomography,
but conventional goniometers do not generate more than 60◦
rotations. Tilt stages of scanning electron microscopes (SEMs)
and tilt holders of TEMs suffer with similar limits.
Nanoscale rotary motion can also be applied to other forms
of microscopy. Scanning tunneling microscopy (STM) [8],
atomic force microscopes (AFMs) [9], and other scanning
probe microscopes (SPMs) allow us to perform tasks such as
characterization [10], manipulation [11], and fabrication [12],
[13], in addition to imaging, on single molecules, atoms, and
bonds, thereby providing a tool that operates at the ultimate
limits of manufacturing. While tremendous progress [14], [15]
has been made in enhancing their spatial resolution, sensing
mechanisms, and probe tips [16]–[18], less attention has been
paid to their conventional X-Y planar scanning stages [19],
which are best suited for features on a planar surface. Investigation of freestanding individual nanostructures is becoming
increasingly important due to the possibility of avoiding a side
effect from the substrate on the specimen. A single-walled
carbon nanotube freely suspended over a trench has been
investigated with atomic resolution using an STM [20] and
correlated to electrical transport measurement [21]. A rotary
scanning stage will enable the exposure of different aspects of
an individual nanostructure to the probe tip, essentially creating
a 3-D SPM [Fig. 1(b)], for fully correlating atomic structures
and physical properties.
Due to the difficulty in generating precise rotation without
clearance issues or backlash, linear-to-rotary motion converters
would be an effective way to realize rotation from a linear actuator, which is generally easier to achieve at nanometer resolutions using solid-state actuators such as piezoelectrics. Among
various nano building blocks, 3-D helical nanostructures, such
as helical carbon nanotubes [22], coiled ZnO nanobelts [23],
and rolled-up semiconductive nanostructures [24]–[28], have
attracted intense research interest because of their special
morphology and electromechanical properties for potential
applications in NEMS [28], [29] and nanoelectronic devices
[30] as springs, electromagnets, inductors, resonators, sensors,
and actuators. Here, we demonstrate one type of these helical nanostructures, dual-chirality helical nanobelts (DCHNBs),
as a transmission for converting between linear and rotary
motion.
II. D ESIGN OF M OTION C ONVERTERS
As schematically shown in Fig. 1(c), the motion converter
consists of a DCHNB with a left-handed and a right-handed
part. By linearly extending the two ends of the DCHNB, the
central part outputs rotary motion; providing a unique and fundamental mechanical mechanism for realizing linear-to-rotary
motion conversion, a property not previously demonstrated
in other nanostructures. With an extended arm [Fig. 1(d)],
the output can be linear (small displacement) or rotary (large
displacement) motion.

As shown in Fig. 1(d), we define the ratio between the output
torque τ and input force F as the load conversion ratio, i.e.,
RF = τ /F , and between the output angular displacement φ
and the input extension d as the displacement conversion ratio,
i.e., Rd = φ/d. The extended arm [Fig. 1(e)] amplifies the output further into linear (small displacement) motion with a force
P and displacement D, or rotary (large displacement) motion
with a torque T and a rotation Φ. We define r0 , p0 , and α0
as the radius, pitch, and pitch angle, respectively, of the initial
DCHNB. When a tensile force F is applied to the DCHNB,
it elongates and rotates about the unwinding direction. At this
deflected state, r, p, and α indicate the radius, pitch, and pitch
angle, respectively. According to the plan view of a one-pitch
DCHNB as shown in Fig. 1(e), the unwinding angle φ of a
DCHNB is given by [31]


r0 cos α
−1
(1)
φ = nθ = 2πn
r cos α0
where n is the number of turns of a half-DCHNB [right-handed
part in Fig. 1(e)]. Considering the mirror symmetry, the other
half with opposite chirality has the same unwinding angle.
Once the DCHNB is elongated 2d, each half of the DCHNB
will deflect d. For each turn, the deflection will be δ = d/n.
According to the geometry, if one assumes that the length of
the nanobelt L of a half-DCHNB (the length per turn: l = L/n)
is constant (which is reasonable for springs with a large index
[31]), the number of turns of the deformed DCHNB m will be

d
d2
r
1−
tan α0 − 2 2 2 n.
(2)
m=
r0
nπr0
4n π r0
Noting that φ = 2π(m − n) and p0 = 2πr0 tan α0 , the unwinding angle φ can be expressed as a function of d

 


d
d
r
1− 2+
tan2 α0 − 1
(3)
φ = 2πn
r0
np0 np0
with a geometric constraint of




−1− 1 + cot2 α0 np0 ≤ d ≤ −1+ 1 + cot2 α0 np0 .
(4)
For small deflection, the change of the radius of a DCHNB
can be ignored [Δ ≈ 0 in Fig. 1(e)], i.e., r ≈ r0 .
As an example, for a DCHNB with α0 = 58◦ , p0 = 5.4 μm,
and n = 7, we can depict φ versus d [Fig. 2(a)]. It can be
seen that the linear range is quite large before the DCHNB
straightens (see the inset of Fig. 2(a) for long range φ versus
d curve). An accurate displacement conversion ratio can be
obtained from (3): Rd = φ/d = 179.4◦ /μm or 3.75 turn/pitch.
III. D ISPLACEMENT C ONVERSION
The fabrication process for helical nanobelts (HNBs) by the
scrolling of strained SiGe/Si or InGaAs/GaAs bilayer has been
reported elsewhere [27], [28]. Based on V-shaped mesa designs
[inset of Fig. 2(b)], freestanding DCHNBs can be achieved
[25]. Fig. 3(a) shows an as-fabricated SiGe/Si DCHNB with a
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Fig. 2. Linear-to-rotary motion conversion ratio. (a) Linear-to-rotation (d to θ)
conversion curve of a DCHNB (α0 = 58◦ , p0 = 5.4 μm, and n = 7) for the
first turn (inset: Long range φ versus d curve). (b)–(f) In situ characterization
of motion conversion using nanorobotic manipulation. (b) One end of an asfabricated DCHNB (inset: A V-shaped mesa) is cut and attached to a “sticky”
probe. (c)–(f) Rotation of the central part while moving the probe downward.

diameter of about 1 μm. The helix is formed by an 8-nm-thick
Si0.6 Ge0.4 and a 10-nm-thick Si layer.
To implement and characterize motion converters, such as the
one shown in Fig. 1(b), experimental investigations have been
performed in a field emission scanning electron microscope
(FESEM, Zeiss ULTRA 55) using a nanomanipulator (MM3A,
Kleindiek) equipped with a tungsten probe [Picoprobe, T-410-1 mm, Fig. 2(b)] and an AFM cantilever (Mikromasch,
CSC38/Ti-Pt, calibrated [32] stiffness: 0.1400 N/m). Manipulation of an as-fabricated DCHNB was performed by cutting the
lower end of the DCHNB with the probe shown in Fig. 2(b).
A “sticky” probe [33] is then prepared by dipping a Picoprobe
into a silver tape and attached on the lower end of the DCHNB.
Rotation is then generated in the central part [Fig. 2(c)–(f)] by
moving the probe downward. We then measured the extension
and rotation from Fig. 2(b)–(e) and plotted them in Fig. 2(a)
[the DCHNB has the same parameters as that used in Fig. 2(a)].
It can be seen that the experimental and theoretical values are
in excellent agreement.
IV. L OAD C ONVERSION
In order to fully understand the load conversion, the mechanical properties of a DCHNB are characterized by cutting it and
picking it up with a “sticky” probe as shown in Fig. 3(a)–(c).
The free end of the DCHNB is then attached on an AFM
cantilever and fixed with electron-beam-induced deposition
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(EBID) [34], as shown in Fig. 3(d). Then, the tungsten probe
attached to one end of a DCHNB is moved to the right to extend
the DCHNB against an AFM cantilever using the nanomanipulator. Fig. 3(d)–(h) shows sequential SEM images showing
the linear-to-rotary motion conversion. The generated rotary
motion can be seen from the magnified frames. If both ends
are equally displaced, the center of rotation will not translate
in the axial direction. According to the apparent distance,
the rotary angle φ can be determined. The ratio of linear-torotary motion conversion Rd is observed to be 171.3◦ /μm
according to Fig. 3(d)–(h). In the experiment, the radius of
the tested DCHNB decreased approximately 4%, confirming
that the radius change can be ignored. According to (3), the
unwinding angle is calculated as 170.1◦ /μm (2.47 turn/pitch),
in good agreement with the experiment results.
Elongation versus tension curves [Fig. 3(i)] show that the
stiffness in the first linear range is approximately 0.033 N/m.
This is surprisingly small when compared to bottom-up synthesized carbon coils (0.12 N/m) [35] and ZnO nanosprings
(4.2 N/m) [23] and comparable to the most compliant commercially available AFM cantilevers (∼10−2 N/m). By using
this device as a vision-based force sensor, the nanospring
can provide a resolution of 11 pN/nm, assuming an imaging
resolution of 1 nm. A low stiffness will facilitate the actuation
of the motion converters. With large extension (> 7 μm), the
stiffness becomes larger. The reasons for the nonlinearity of the
stiffness are however not well understood yet. Several mechanisms are under investigation: 1) The HNBs have a prestressed
two-layer structure (with one layer preextended and the other
layer precompressed), so extension will make the internal stress
redistributed; 2) the HNBs have stress competition between
the longitudinal direction and the transverse direction [36], so
extension stiffness is a resultant result due to this competition;
and 3) the electron beam has a side effect on the nanobelts,
including EBID [34] and hardening. These points may also
be the reason why the stretching force did not return to zero
at zero elongation for the second-round extension [Fig. 3(i)]
besides SEM image drifting. It should be noted that, without
the use of gears, bearings, or other types of pairs, such a “solidstate” motion converter will also be able to generate higher
precision motion and will provide the possibility for measuring
torque with a force sensor. This allows both higher precision
positioning and more precise force application.
It is interesting to note that, due to the opposite chirality,
the extension-induced torques at both ends can be selfcompensated. This feature can be very useful for such applications as force measurement to avoid the side effect of end
rotation as compressing or extending the other end.
Fig. 4(a)–(c) shows the characterization of the ratio of forceto-torque conversion using a probe and two AFM cantilevers
(Mikromasch, CSC38/Ti-Pt, calibrated stiffness of cantilevers
1 and 2: 0.1400 and 0.0492 N/m). The ratio between the
input force [Fig. 4(d)] and the output torque RF [Fig. 4(e)] is
found to be 2.110 × 10−6 N · m/N. This process resembles the
application of the motion converter as a rotary stage for 3-D
AFM. The investigation on the same nanospecimen from both
axial and radial directions using two AFM cantilevers is the first
demonstration of this type of device.
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Fig. 3. Force-to-elongation characterization. (a)–(c) Manipulation of a DCHNB. (a) As-fabricated DCHNB with a tungsten probe for manipulation being visible.
(b) Lower end of the DCHNB was broken with the probe shown in (a). A “sticky” probe is also visible. (c) DCHNB was picked up with a “sticky” probe. The inset
shows the middle part. (d)–(i) Mechanical property characterization of a linear-to-rotary motion converter. (d)–(h) Sequential SEM images show the generation
of rotary motion by pulling a tungsten probe attached to one end of a DCHNB against an AFM cantilever using a nanomanipulator in a FESEM. The ratio of
linear-to-rotary motion conversion is ∼171.3◦ /μm. (i) Elongation versus tension curves show that the stiffness in the first linear range is ca. 0.033 N/m.

Fig. 5. Broken DCHNB. It can be seen that the break occurs at the middle
point.

V. A PPLICATION IN 3-D M ICROSCOPY

Fig. 4. Force-to-torque conversion ratio. (a)–(c) Ratio of force-to-torque
conversion is characterized using a probe and two AFM cantilevers. The ratio
between (d) the input force and (e) the output torque is found to be 2.110 ×
10−6 N · m/N (coil diameter: 947 nm; extension force F1 : 1.280 nN; rotary
force F2 : 5.707 nN; torque: 2.702 × 10−15 N · m; rotary angle: 0.258 rad;
tortional stiffness: 1.047 × 10−14 N · m/rad).

Extending the DCHNB more causes it to break [Fig. 5(a)].
The break occurred at the junction point of the two HNBs
with opposite chirality [Fig. 5(b)]. It can also been seen from
Fig. 5(b) that the shape of the HNBs remains unchanged as
compared to the as-fabricated one. The broken section is along
the cleavage direction 100, showing that it is possible to
precisely break the DCHNB into two separate HNBs. Based
on this, it is possible to clamp relatively large samples between
the two HNBs, which can simplify the loading of the samples.
By incorporating a gripper, sample loading can be further
simplified.

A fundamental application of this type of motion converter is
for 3-D microscopy. Fig. 6 shows 3-D imaging of a pollen grain.
An Au-coated grain is first picked up by a Picoprobe (probe 1)
and actuated with a manipulator [Fig. 6(a)]. Then, the probe is
moved to a SiGe/Si/Cr DCHNB motion converter [Fig. 6(b)].
A DCHNB with narrow width and relatively big space between
the adjacent turns has been selected for exposing the sample
surface to the maximum. One end of the DCHNB has been
cut and attached to a sticky Picoprobe (probe 2)—prepared
by dipping a Picoprobe into a sticky silver tape. The pollen
grain is then released from probe 1 by pushing the probe
until the pollen attaches to the chip surface and then pushed
toward the DCHNB to attach to it. Probe 2 is then moved
downward to make the contact [Fig. 6(c)] and upward so that
the motion converter with the attached pollen sample moves
away from the substrate. A different imaging angle shows
that the pollen only attached to the center of the DCHNB
[Fig. 6(d)]. The motion converter has been characterized before
loading the sample [Fig. 6(e)–(h)]. Fig. 6(i)–(l) shows that when
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Fig. 6. Three-dimensional microscopy of a pollen grain. (a) Au-coated pollen grain is picked up by a Picoprobe (probe 1). (b) Probe is then moved to a DCHNB
motion converter. One end of the DCHNB has been cut and attached to a sticky Picoprobe (probe 2). (c) Grain is then released from probe 1 by pushing the probe
until the grain attaches to the chip surface, and then, the chip is pushed toward the DCHNB to attach. Probe 2 moves downward to make contact. (d) Probe 2
moves upward so that the motion converter with the attached pollen grain sample can detach from the substrate. A different imaging angle demonstrates that the
pollen grain only attaches to the center of the DCHNB. (e)–(h) Motion converter has been characterized before loading the sample. (i)–(l) When releasing the
extended DCHNB, the sample rotates counterclockwise (top view). (m)–(p) When stretching further the DCHNB, the sample rotates clockwise (top view).

releasing the extended DCHNB, the sample rotates counterclockwise (top view) for approximately 180◦ . Fig. 6(m)–(p)
shows further stretching of the DCHNB, and the sample rotates
clockwise (top view) for another 180◦ . Basically, for micro- and
nanometer-scale samples, the deformation of the DCHNB due
to the sample weight can be ignored. It can be seen that the
different aspects of the sample can be exposed to the electron
beam simply by extending or releasing the DCHNB with a
small displacement. In the experiment, we have rotated the
samples unidirectionally (clockwise from the top view) for four
turns, leaving the DCHNB with no obvious residual changes
in its shape. Further possibilities for this converter include
goniometry for TEM, tomography for SEM or TEM, and 3-D
SPM. Nanorobotic manipulation has been shown effective for
sample attachment. For fixation, besides Van der Waals forces,
EBID and FIB-induced deposition are optional approaches. By
integrating in the fabrication processes of DCHNB, rolled-up
spirals [37] can serve as claws for holding relatively large
samples.

is surprisingly small when compared to bottom-up synthesized
helical nanostructures. In the torque measurement, two AFM
cantilevers have been used for simultaneous characterization
of axial and radial properties of the same nanostructure, which
can be considered to be a prototype 3-D AFM. A fundamental
application in 3-D imaging has been shown in a SEM using a
pollen grain as a sample. Due to their extremely compact size,
DCHNBs are well suited to serve as rotary scanners for creating
3-D SPMs, rotary stages for a microgoniometer for observing
an object from different crystal surfaces, and components of
nanomachines.
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