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1. Wind actuation (Movie 1).

Video of the bimorph actuation via wind cooling is shown in Movie 1. Here, the substrate
is heated to 69 °C, and 500 sccm of wind is directed in a direction opposite to the bimorph
bending (inwards, increasing curvature). The observed bending amplitude is very large (A/L
~0.8), but the duty cycle is moderate to low (< 50%).

At higher substrate temperatures, the VO,/Cr bimorph becomes increasingly difficult to
cool across the metal-insulator phase transition (MIT), resulting in smaller amplitude in
oscillation. Increasing wind speed does not increase the amplitude greatly, but it noticeably
increases the oscillation duty cycle. That is, for any given period of observation time, stronger
wind causes more instances of bimorph actuation and lowers the time percentage that the
bimorph stays stationary. The duty cycle is characterized as low, medium, or high depending on
the percentage of times the bimorph is oscillating between the straight and bent states, as
observed in the videos collected. The results of these trials at substrate temperatures of 68 and 75
°C for 3 different wind speeds are listed in Tab. S1.

Substrate Wind Flow Nominal Oscillation

Temperature |(sccm) amplitude (um) |Duty Cycle
200 230 Low

68 °C 500 238 Medium
2000 235 Medium
200 206 Low

75 °C 500 181 Medium
2000 201 High

Tab. S1. Bending amplitude and qualitative switching duty of a cantilevered bimorph under
various wind flow rates and two substrate temperatures. The bimorph is VO,(1 um)/Cr(0.3 pm)
with length L =217 um and width a = 1 pum. Amplitude error is £ 5 pm.

2. Laser actuation in water (Movie 2).

Movie 2 shows the bending of a bimorph soaked in de-ionized water and activated with a
laser beam turned repeatedly on and off. By analyzing individual video frames, it is found that
the bimorph completes bending within the time lapse between two consecutive frames. The



video frame rate is 60/sec, giving an upper limit of the response time of ~17 msec and lower
frequency limit of 60Hz. The actual speed should be much faster.

The amplitude response of the device shown is much lower than that shown in the main
text, Fig. 4c, due to the illumination point far from the base, exciting a reduced region to phase
transition. Additionally, the Cr has started delaminating, visibly peeling from the base of the
bimorph and causing discontinuities along the bimorph length. The loss of bonding between the
two layers dramatically reduces the net strain difference in the bimorph, reducing the amplitude
change. Physical degradation like this can be prevented by a more careful Cr deposition,
followed by a post-deposition anneal.

3. Nucleation of the M2 phase at intermediate temperatures.

From the strain-temperature phase diagram (Fig.1c), we expect the M2 phase to be stable
at intermediate temperatures under tensile strain. We attribute the nucleation of M2 in the
bimorphs to be at the free side of the curved VO, nanobeam, which is under tensile strain. Cr
diffusion into VO, at the VO,/Cr interface also tends to stabilize the M2 structure,’ but this is
unlikely the leading effect here, since the Cr deposition and rapid anneal at 250 °C is not
expected to diffuse much Cr into the VO, nanobeam.

4. Pulsed laser actuation (Movie 3, Movie 4).

The bimorph actuation can be analyzed by decomposing the total oscillation amplitude
into inward bending amplitude A"* (from the unperturbed position towards the max M2 position)
and outward bending amplitude A® (from the unperturbed position towards the max R position),
so that the total amplitude A( f ) = AY? ( f ) + AF ( f ) By plotting the two oscillation amplitudes

separately, we see that the rise in A( f ) at intermediate fresults from an increase in A" 2( f ), as
shown in Fig. S1. This is explained by the limited cooling as the frequency rises. The peaking
and eventual decrease of A™? ( f ) at higher f also occur due to the cooling limitations — the VO,
is unable to cool to a sufficiently low temperature, not even able to reach the M2 phase, and
therefore stays in the heated R phase during the entire time of laser pulsing. The results with
varying frequency at 3 positions along this bimorph are shown in Fig. S1. A sustained outward
bending behavior can be seen for x/L = 0.3, producing considerable bending up to high
frequencies. The high performance may represent an optimal excitation position on this bimorph,
maximizing both “sub” and “air” modes of heat transfer and increasing the operating speed of
the device.

By comparing the A( f ) dependence between bimorphs of various cross section areas, we
can better understand the “air” term of heat dissipation. Figure S2 plots A( f ) for 3 bimorphs and
reveals an improving high-frequency performance as the VO, thickness decreases. The peak
displacements occur at frequencies of ~ 1, 2, and 3 kHz for bimorphs with VO, nanobeam
thickness of 1, 0.9 and 0.7 um respectively. This agrees with the predicted behavior, since the
thinner bimorph has a greater surface to volume ratio, which increases the efficacy of the heat
dissipation to air. Referring to the time constant 7, in the main text, the characteristic frequency
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is inversely proportional to the “effective bimorph diameter”, ab/ (a + b). This qualitatively
agrees with our observation of higher f34p at smaller bimorph thickness.

Due to the fixed laser intensity, the outward oscillation towards R phase ( A* ( f ) ), shown
in Fig. S1, cannot increase with f. The eventual decline in A® ( f )may be attributed to a negative

feedback effect inherent in the sideways deflection of the experiment. The laser is directed at a
point to heat the bimorph in its straight state, and the bimorph absorbs most of the incident laser
energy under continuous and low frequency laser operation. At higher frequency operation, the
nanobeam spends more time away from the initial state, settling instead in the inward or M2
bending region when the laser is chopped to be off. Consequently, when the laser pulse switches
back on, less of the bimorph is in the pathway and less incident energy is absorbed, which
reduces the total displacement and heating back towards the R position. It is possible that an
alternate experimental setup, with nanobeam oscillation in the plane of the laser beam, could
yield high tip displacement performance at even higher frequencies. In this hypothetical setup,
the inward (M2) bending is expected first to decline to zero with further inability to cool,
followed by the decrease of R-phase bending at high frequencies. Here, the displacement would
saturate into the maximum R position. In this regime, the bimorph is unable to cool even to M2
temperatures, and retains the laser-induced R-phase, producing the same displacement that
occurs at a continuous laser irradiation. Nonetheless, even given these limitations, the nanobeam
bimorphs respond with outward R phase displacements at very high frequencies. From Fig. 4(c),
the 3dB-attenuation frequency is 2.5kHz, solely considering outward bending.

Videos of actuation by laser are shown for a 217 pum long bimorph with thickness VO,(1
um)/Cr(0.3 um), and width 1 um. A low-frequency (10 Hz) chopped laser results in M1-R
switching, while high-frequency (2kHz) results in primarily M1-M2, as shown in Movies 3 and 4,
respectively.
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Fig. S1. Decomposition of the total amplitude into M2 amplitude and R amplitude shows the
different frequency behavior of the actuation driven by the M1-M2 and M1-R transition. Colored
lines are provided as a visual aid. Three laser positions are shown.
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Fig.S2. Frequency response of actuation of 3 cantilevers with different VO, thickness. Bimorphs
have similar width. Lengths are 100, 115, and 217 pm, respectively. The laser power is fixed for
the experiments, and the focal position along the bimorph is fixed at x/L ~ 0.4 for all three curves.

5. Self-oscillation (Movie 5).

An intriguing observation is a natural self-oscillation effect: even at un-chopped,
continuous laser incidence, a heated bimorph will absorb energy, deflect, cool and then return
back towards the laser in a steady, fast cycle. This process can be further studied to shed insight
on the heat transfer dynamics. Movie 5 shows this effect for a bimorph of thickness VO, (1
um)/Cr(0.3 um), length 100 um, and width 1 um, for an incident laser power of 0.6 mW. By
positioning the laser at the nanowire edge opposite to the inward (M2) bending direction, we can
verify the negative feedback mechanism observe a natural oscillation in bending. As we move
the laser away from its initial position towards the R position, we can induce an increased self-
oscillation amplitude. The bimorph increases its R phase deflection and M2 deflection, as it
accumulates more heat by coinciding more along the laser beam path.

6. Hybrid bimorph film (Movie 6).

A macroscopic PDMS film with dense and aligned VO,/Cr bimorphs embedded
produced very large actuation amplitudes. Movie 6 shows the response as temperature is varied
from 25 °C o 120 °C for a film measuring length 2mm, width 1mm, and thickness 20 pm. The
maximum response (amplitude change) occurs in the 70 — 90 °C range, as this temperature at the
global heat source results in local temperatures in the film around the phase transition of 68 °C.
The bending amplitude ratio was measured to be A/L = 0.9, close to but not as high as that in
global heating (A/L = 1.2) of single bimorphs. There is a small inward bending of the bimorph
film as it is heated from 25 °C to 37 °C, indicative of the M2 phase transition.



7. Energy efficiency calculation.

For a linear micro solid engine (LSE) based on a VO, beam oriented along cgr with length
L, width a, and thickness b, the maximum energy efficiency can be calculated by

E, L-g-o.-a-b S

E, LabpcAT + LabH
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where & 1s the transformation strain (analogous to volume change in the liquid-vapor transition,
~ 1% for M1-R and 2% for M2-R), ot is the critical stress that would drive the phase transition
at a given T (analogous to pressure in the liquid-vapor transition, and is the stress at the phase
boundary in Fig.S3a), p represents density, ¢ the specific heat, and H the latent heat. AT = Ty -
T = 68°C - 27°C. The numerator in equation (S1) is the work output from a complete engine
cycle as shown in Fig.S3a. The Clapeyron equation links oc to H,

do, H (S2)
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Assuming a linear phase boundary,” we have

_doc \p_H-AT (S3)
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Substituting into equation (S1), we obtain

AT 1

inear = ' . (S4)
n T, 1+pcAT/H
This is equation (1) in the main text. We note that
AT
77 arno = (SS)
) t TMIT

As predicted by equation (S4), although the engine efficiency decreases as T, moves toward
Thigh = Twrr, its relative value would approach the Carnot efficiency if the engine is operated near
the phase boundary (AT—0).
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Fig. S3. a. The cg stress — temperature phase diagram of VO,. The stress is normalized by the
Young’s modulus. The Clapeyron equation relates the slope of the phase boundary to the latent
heat of transition. The loop shows an engine cycle, where the red star is the point when work is
done. b. Geometry of the bimorph system for energy efficiency calculation.

For the bimorph uSE coupling a VO, and a Cr layer, the efficiency calculation is more
complicated. By treating the bimorph as a bilayer elastic beam with a spring constant, we can
estimate the efficiency by dividing the mechanical work output at maximum displacement with
the total heat absorbed (global heating). The spring constant is estimated from basic elastic beam
theory,"

_3a V7B Y242V bY,b, - (267 + 207 + 3bb,)
T 12(Y,b, + Y,b,)

: (56)

where Y is the Young’s modulus (Yvoz = 140 GPa and Y, = 280 GPa), L the length, a the width
and b the thickness of the beam, and subscript “1”” and “2” denote the VO, layer and the Cr layer,
respectively. Defining the total curved path of the tip motion as / (Fig.S3b), the work output for a
full bending cycle is then
E, = 2-lkeﬁJ2

27 (S7)
Our system typically operates beyond the “small beam bending” limit, as the displacement is
large, I/L ~ A/L ~ 1. However, we note that a simple scaling argument predicts the energy
efficiency to be an intensive rather than extensive quantity, and be independent of the bimorph
length L: a bimorph with length L outputs the same amount of work as two bimorphs each with
length L/2 connected in series. Therefore, for the efficiency calculation, we only need to
calculate for bimorphs with maximum bending still within the linear deformation regime
I/L << 1. This is the case for bimorphs with small L. This is because the bending curvature 1/R
is generally independent of the beam length L and is given solely by the thicknesses and Young’s
moduli of the two layers,"™"
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where & is the transformation strain. For the Y,/Y, ratio in our case, the largest 1/Ris given by
b, /b, = 0.4. Comparing bimorphs with the same b; and b, thicknesses and thus the same 1/R,
those with smaller L give not only smaller /, but also smaller //L. In fact, it can be proved from
the geometry in Fig.S3b that generally,

L .

l/L _ J‘ﬁ S ﬂ
o | B

At small deflection angles (i.e., smaller L/ 2R), we have [ ~ * / 2R . Thus we can utilize the

bimorph spring constant k. in the low-deflection Hooke’s law behavior given by equation (S7)
to predict a work output linearly proportional to L. Since the energy input E, is also

apg . (S9)

proportional to L, the energy efficiency (7 = E,, /E,, ) is therefore independent of L. As in the
case of linear uSE, the energy input is given by

E, ~La(b,p,c, + b,p,c,))AT + Lab H , (S10)

where c¢; is the specific heat of VO, (=~ 690 J/kgK)," ¢, the specific heat of Cr (+444 J/kgK)",
and H the latent heat of the MIT of VO, (= 1000 Cal/mol = 250 J/em®).Y i A VO, density p; of
4.66 g/lem® was used,™ along with a Cr density”* p, of 7.19 g/em’.

The calculated energy efficiencies are shown in Fig.1d in the main text, for bimorphs
with L =5 um while varying the thickness. These efficiencies are compared to those of
thermoelectrics operating between Thigh = Tyvit = 68 °C and Tioy = Tp = 27 °C. Assuming the
thermoelectric figure-of-merit to be ZT, the thermoelectric engine efficiency is given by,

_Thigh_]-}ow V1+ZT_1

= : . (S11)
Mg Theh VI+ZT +T,, [Ty

We also would like to point out the difference between intrinsic energy loss and extrinsic
energy loss in evaluation of efficiency in an energy conversion technology. Intrinsic loss is the
fundamental, unavoidable loss that is attributed to the limit of the working material (such as the
thermal conductivity and electrical conductivity of the material in thermoelectrics), while
extrinsic loss is the avoidable loss attributed to realistic limit in a device design (such as the heat
loss via air or packaging material, and energy loss due to contact resistance in thermoelectrics).
Without the intrinsic loss, the efficiency would approach the Carnot efficiency. Without the
extrinsic loss, the efficiency of thermoelectrics will be given by Eq.(S11).

In analogy, in our efficiency evaluation of VO, uSE, the intrinsic energy loss is indeed included,
which is the heat needed to increase the VO, temperature up to the MIT temperature (determined
by the specific heat of VO,, and completely lost during a cycle). Without this intrinsic loss term,
the efficiency will be simply the Carnot efficiency. The extrinsic energy loss is the loss via air
convection, or possible friction loss during actuation. Without the extrinsic loss, the efficiency is
given Eq.(S4).



Therefore, to analyze the pure materials performance in the VO, engine, we believe it is indeed a
fair and appropriate comparison, to compare the intrinsic efficiency predicted by Eq.(S4) in our
case, to the intrinsic efficiency predicted by Eq.(S11) in the case of thermoelectrics. The
following table summarizes the different levels of efficiency calculation between these two
mechanisms.

Mechanism Thermoelectrics VO, for actuation (this work)
Condition |k=0,c=00, ZT = c=0,H=wo

Physical limit
Efficiency | 1 = Ncamot M = Ncarnot

k>0, o <o, ZT finite. ¢>0.H <.

Materials limit | €ondition | Intrinsic loss: heat

conduction, Joule heat. Intrinsic loss: heat capacity.

(Only intrinsic

loss included) N < MCarnot; N < MNcarmot;

Efficiency
N =3.4% for ZT = 2.1 N = 3.4% for ¢ and H of VO,
device limit o Additional extrinsic loss: Additional extrinsic loss:
Condition | air heat loss, contact ) L
(Extrinsic loss resistance loss, etc. air heat loss, friction loss, etc.

also included)

Efficiency | n<3.4% forZT =2.1 N < 3.4% for c and H of VO,

8. Calculation of cantilever resonant frequency
From beam theory, we know the spring constant for a simple beam in transverse oscillation™ is
given by
F  3El
k _—— 3
o L

forming the general case of equation (S7), where the bending modulus (stiffness) EI is replaced
by the expression for a bimorph. We find the resonant frequency f,, with the relation

(S12)

R (S13)

2\ my,

where m,, = ﬁm _33 pabL 1s used, since the beam mass is distributed (resulting in varying

7140 140
velocities) along the oscillation length. For a beam sharing the dimensions in our experiment and
the frequency calculations of thermal transport in the main text (L = 150 um, a = 700nm, b; =
700nm, b, = 200nm), the resonant frequency is calculated to be 1.29 MHz, significantly higher
than the frequencies examined by pulsed optical excitation. Thus the rise in deflection
amplitudes at intermediate frequencies is not attributed to resonance, but rather the M2-R
transition.
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