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Description
CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to Chinese Pa-
tent Application No. 202311708973.6, filed on Decem-
ber 13, 2023, the contents of which are hereby incorpo-
rated by reference in its entirety.

TECHNICAL FIELD

[0002] The present disclosure relates to the technical
field of solid-state cooling, and particularly relates to a
rotary solid-state cooling actuator (or called "refrigera-
tion driver") capable of realizing recovery of unloaded
mechanical work of an elastocaloric material under ro-
tational motion, and a solid-state cooling apparatus (or
called "refrigeration apparatus") including the same.

BACKGROUND

[0003] Space cooling is an important guarantee for
people to maintain a high quality of life in modern times,
and includes the use of air conditioners to reduce in-
door temperatures, or the use of refrigerators to pre-
serve food in a specific space at low temperatures.
However, with the challenges of sustainable develop-
ment in the future, the existing refrigeration apparatus
based on gas compression expose many problems:
firstly, refrigerants used in the gas compression refrig-
eration apparatus have many problems. Worldwide, the
refrigerants (e.g., chlorine-containing refrigerants and
bromine-containing refrigerants) in the gas compres-
sion refrigeration apparatus are massively manufac-
tured and released into the environment. Although such
refrigerants are not toxic to organisms, evaporation of
the refrigerants to the atmosphere causes a drastic
drop in ozone content of the atmosphere, and the
Earth’s atmosphere is irreversibly damaged under the
chemical action of the refrigerants. Under ozone holes,
the surface of the Earth is exposed to a large amount of
direct ultraviolet radiation, which not only raises global
temperatures and induces more extreme weather, but
also easily causes adverse effects on organisms (e.g.,
skin cancer) under excessive ultraviolet radiation.
Although new types of refrigerants (e.g., fluorine-con-
taining refrigerants and ammonia-containing refriger-
ants) have been developed nowadays through techni-
cal iterations to reduce harm to the environment, these
refrigerants have the disadvantage of being flammable
and explosive, presenting a significant safety risk in
public use. Secondly, due to the low energy conversion
rate of the existing gas compression refrigeration, the
electric energy produced by most power stations is not
well converted during refrigeration, resulting in great
waste of public resources. The current indicator for
evaluating energy efficiency performance of a cooler or
refrigerator is the energy efficiency ratio (based on a
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ratio of output cooling power to input electrical power).
For example, the energy efficiency ratio of common
commercial air conditioners is generally about 2.3 to
3.5. If an air conditioner with a higher energy efficiency
ratio (e.g., greater than 6) could be used for cooling, the
same cooling effect could be obtained by use of half of
the original electric energy. However, due to low entro-
py change of gas-liquid phase transition, the improve-
ment of the energy efficiency ratios of those refrigera-
tion apparatuses has encountered a technical bottle-
neck. In view of the above, the proposal and develop-
ment of a new generation of environment-friendly and
efficient cooling technology have become an important
prerequisite for achieving sustainable development of
humanity in the future.

[0004] Elastocaloric solid-state cooling technology is
a novel cooling technique utilizing first-order phase
transitions of solid materials. This technology induces
a phase transition in the material by applying mechan-
ical deformation, causing latent heat release and ab-
sorption, thereby lowering the temperature of a target
object. An elastocaloric cooling cycle generally includes
four processes: loading, holding and heat exchange,
unloading, and holding and heat exchange. Since the
proposal of this new technique by the British scientists
in 2004, this new technique has attracted widespread
attention from researchers around the world. The most
important reason is its high energy conversion rate,
safety during use, and no additional environmental
emissions. In Energy Savings Potential and RD&D Op-
portunities for Non-Vapor-Compression HVAC Technol-
ogies issued by the U.S. Department of Energy in
2014, the elastocaloric solid-state cooling technology
employing materials with elastocaloric properties ob-
tained the highest score and was evaluated as one of
the cooling technologies most likely to replace the ex-
isting gas compression refrigeration technology. The
materials with elastocaloric properties (or called "elas-
tocaloric materials") refer to solid materials with elasto-
caloric effect. The elastocaloric effect is one of thermal
effects of solid materials, and involves the release or
absorption of heat caused by the material undergoing
strain due to the application of an external stress field.
The phase transition-based elastocaloric effect of the
materials with elastocaloric properties exhibits high en-
tropy change, which can greatly improve energy con-
version rate. There are many materials having elasto-
caloric properties, including shape memory alloys, nat-
ural rubber, synthetic polymers, plastic crystals, etc.
Among them, shape memory alloys (such as nickel-ti-
tanium alloy, copper-aluminum-manganese alloy, nick-
el-manganese-copper-cobalt alloy, nickel-iron-gallium
alloy, etc.) are widely used in the elastocaloric solid-
state cooling technology due to their extremely high
phase transition entropy and material energy efficiency
ratio. For example, the widely used nickel-titanium alloy
can produce an entropy change of 0.32 J/cm3K under
adiabatic phase transition, and the entropy change is
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much higher than the entropy change (0.035 J/cm3K) of
the most widely used gas compression refrigerant R-32
(hydrofluorocarbon) nowadays. Due to the high phase
transition entropy, the energy efficiency ratio of shape
memory alloys can be greater than 30. In recent years,
the research on elastocaloric solid-state cooling has
yielded a plurality of research results in the develop-
ment of prototypes, particularly in terms of cooling ef-
fect, a large temperature difference of 50 K and a spe-
cific cooling power of 6 W/g are realized. However, an
actual operating energy efficiency ratio (around 1) of
prototypes is far lower than the material energy effi-
ciency ratio. Problems in energy utilization and conver-
sion severely hinder further commercialization of this
technology.

[0005] Inefficient use of unloaded mechanical work of
the elastocaloric materials when the materials return
from deformation to their original state is one of the
main reasons for the low system energy efficiency ratio
of the elastocaloric solid-state cooling prototype. When
an elastocaloric material is in a deformed state, the
material is in an energy-storing state; and if external
constraints are removed, the elastocaloric material
could release the internally stored mechanical energy.
If this part of mechanical work can be utilized, power
requirements for external actuators can be greatly re-
duced, thereby achieving a higher system energy effi-
ciency ratio. The existing elastocaloric cooling proto-
types generally adopt linear drive structures (e.g., a
hydraulic push rod and a linear push rod). For example,
a research team from the University of Michigan de-
signed and developed a cooling prototype taking a hy-
draulic push rod as an actuator, operating based on
compression of a nickel-titanium alloy tube, and using
water as a heat exchange medium. The cooling proto-
type achieved a maximum temperature difference of 20
K, and the result was published in the international aca-
demic journal Science; A research team from the Uni-
versity of Ljubljana also used a hydraulic push rod as
an actuator of a prototype and used a sleeve structure
to compress a nickel-titanium alloy tube to achieve the
elastocaloric effect, and the result was published in the
international academic journal Nature Energy. Chinese
Patent No. CN201810660524.1 (Publication No.
CN108954901A, published on December 7, 2018) pro-
posed an elastocaloric cooling apparatus utilizing com-
pressive deformation of a nickel-titanium alloy tube, in
which water is used as a heat transfer medium, the
nickel-titanium alloy tube is compressed to undergo
compressive deformation through axial reciprocating
motion of a linear motor, and an external water pump
is used to drive water to circulate to perform convective
heat transfer on the nickel-titanium alloy tube. Although
the linear drive is conceptually feasible, when there is
no external power supply, the ram is locked due to me-
chanical constraint, whether a linear motor or a hydrau-
lic device is used. In an actual unloading process, elec-
tric energy still needs to be input to the actuator for
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retracting the ram, which may increase power con-
sumption of the actuator. If the ram is not a moving
part, the mechanical energy released by a material dur-
ing unloading cannot be transferred to another stage to
drive the next loading. In contrast, the mechanical en-
ergy can be easily transferred by rotation. During the
unloading process, a linear motion of the material may
be used to drive rotation of a shaft in a tangential direc-
tion and maintain the rotation of the shaft; and the rotat-
ing shaft can keep driving the compression of the next
stage. In addition, a rotary drive system has high me-
chanical efficiency (a ratio of electric energy input
power to mechanical output power) due to fewer me-
chanisms and components. An efficient rotary drive
system has the mechanical efficiency of 90%, which
can greatly reduce electricity waste during its own en-
ergy conversion. Despite the great application potential
of the rotary drive system in elastocaloric cooling, the
existing literatures and patents have not provided any
clear technical route or structural design for drive sys-
tems to date.

SUMMARY

[0006] In order to solve at least one of the above
problems, the present disclosure provides a rotary so-
lid-state cooling actuator based on unloaded mechan-
ical work recovery, and a solid-state cooling apparatus
including the same.

[0007] In a first aspect of the present disclosure,
there is provided a rotary solid-state cooling actuator
based on unloaded mechanical work recovery, includ-
ing: a rotary motor, a main transmission shaft driven by
the rotary motor to rotate, N eccentric transmission me-
chanisms installed at different axial positions of the
main transmission shaft and driven by the main trans-
mission shaft, N pistons respectively driven by the N
eccentric transmission mechanisms to perform recipro-
cating motion, and N elastocaloric materials periodi-
cally loaded and unloaded through the reciprocating
motion of the N pistons, wherein N is an integer greater
than 1; the N eccentric transmission mechanisms have
different phase angles relative to the main transmission
shaft, so that the N elastocaloric materials are un-
loaded in different time periods; and each elastocaloric
material releases its own mechanical work during un-
loading to provide thrust for the rotation of the main
transmission shaft.

[0008] Optionally, along an axial direction of the main
transmission shaft, a difference between the phase an-
gles of any two adjacent eccentric transmission me-
chanisms in the N eccentric transmission mechanisms
is 360/N degrees.

[0009] Optionally, each of the eccentric transmission
mechanisms cooperates with the main transmission
shaft and a corresponding piston to form an eccentric
linkage mechanism, an eccentric cam mechanism, an
eccentric bearing mechanism, or a crank-connecting
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rod mechanism.

[0010] Optionally, at each of the different axial posi-
tions of the main transmission shaft, a cross section of
the main transmission shaft is in a shape of a circle,
and a center of the circle does not coincide with a rota-
tion axis of the main transmission shaft; and the ec-
centric transmission mechanism includes a connecting
rod part and a pin, an end of the connecting rod part
away from the corresponding piston includes an annu-
lar portion, the annular portion is sleeved over an outer
circumferential surface of the main transmission shaft
and is capable of sliding circumferentially relative to the
outer circumferential surface of the main transmission
shaft, and the other end of the connecting rod part is
hinged to an end of the piston away from the elastoca-
loric material through the pin.

[0011] Optionally, the connecting rod part includes a
connecting rod upper part and a connecting rod lower
part, the annular portion is formed by the connecting
rod lower part and the lower part of the connecting rod
upper part, and the connecting rod upper part and the
connecting rod lower part are screwed together.

[0012] Optionally, the rotary solid-state cooling actua-
tor further includes: linear bearings, which are sleeved
over the respective pistons, for limiting the direction of
the reciprocating motion of the pistons and reducing
radial friction.

[0013] Optionally, the rotary solid-state cooling actua-
tor further includes: first external racks, which support
the respective pistons and the respective elastocaloric
materials, two ends of each elastocaloric material being
fixed between a corresponding piston and a corre-
sponding first external rack by means of direct contact,
threaded connection, welding, or bonding.

[0014] Optionally, the rotary solid-state cooling actua-
tor further includes: an upper housing part and a lower
housing part, which are configured to bear the pistons
and the main transmission shaft, respectively.

[0015] Optionally, the rotary motor is selected from
the group consisting of a servo motor, a stepper motor,
a torque motor, a switched reluctance motor, and a
brushless direct current motor.

[0016] Optionally, the rotary solid-state cooling actua-
tor further includes a speed reducer for increasing the
torque of the rotary motor.

[0017] Optionally, the rotary motor drives the main
transmission shaft to rotate through the speed reducer.
[0018] Optionally, the rotary solid-state cooling actua-
tor further includes a second external rack for fixing the
speed reducer and the eccentric transmission mechan-
isms.

[0019] Optionally, a geometric shape of the elastoca-
loric material is selected from: cylindrical, cubic, cuboid,
circular tubular, and rectangular tubular.

[0020] Optionally, the elastocaloric material is se-
lected from the group consisting of shape memory al-
loys, natural rubber, synthetic polymers, and plastic
crystals .
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[0021] Optionally, the elastocaloric material is se-
lected from nickel-titanium alloy, copper-aluminum-
manganese alloy, nickel-manganese-titanium alloy,
nickel-titanium-cobalt alloy, nickel-titanium-copper-co-
balt alloy, and nickel-iron-gallium alloy.

[0022] Optionally, the deformation mode of the load-
ing-unloading process of the elastocaloric material is
uniaxial linear deformation, wherein the uniaxial linear
deformation includes linear compression and linear ten-
sion.

[0023] In a second aspect of the present disclosure,
there is provided a solid-state cooling apparatus. The
solid-state cooling apparatus includes: the rotary solid-
state cooling actuator based on unloaded mechanical
work recovery described in the first aspect of the pre-
sent disclosure; and a heat exchange structure, which
is configured to exchange heat with the elastocaloric
materials to transfer heat and cold energy generated
by the elastocaloric materials.

[0024] Compared to existing technology, the rotary
solid-state cooling actuator and the solid-state cooling
apparatus of the present disclosure have the following
advantages.

1. Adopting rotary loading: Compared to the exist-
ing hydraulic or linear motor drives, the present
disclosure greatly reduces the number of mechan-
ical transmission devices, and further reduces me-
chanical and electric energy losses.

2. Realizing recovery of unloaded mechanical
work: The present disclosure adopts a multi-cylin-
der structure including a plurality of eccentric trans-
mission mechanisms and a plurality of pistons, al-
lowing the unloaded mechanical work of one elas-
tocaloric material to be recovered and utilized for
loading another elastocaloric material, thereby
achieving energy recovery and utilization and redu-
cing energy consumption.

3. Large and adjustable temperature drop of solid
refrigerants: By adjusting the eccentricity (eccentric
distance), a single temperature drop of the elasto-
caloric material of up to 30 degrees can be
achieved.

4. Continuous output of cold energy: Compared to
traditional technologies where the cold energy can-
not be utilized until heat dissipation of the elastoca-
loric materials, the present disclosure adopts a
multi-cylinder design, so that the intermittent cool-
ing of the plurality of elastocaloric materials can be
superimposed into a continuous cooling, greatly
improving efficiency and cooling power.

5. Miniaturization and commercialization: Com-
pared to existing hydraulic or linear motor drive,
the overall weight and volume are greatly reduced,
improving safety and portability.

6. High-frequency operation: An operation fre-
quency of up to 5 Hz can be reached, improving
the cooling power.
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BRIEF DESCRIPTION OF DRAWINGS
[0025]

FIG. 1 is a schematic view illustrating the principle
of unloaded mechanical work recovery according
to the present disclosure;
FIG. 2 is a perspective view illustrating a part of a
rotary solid-state cooling actuator according to an
exemplary embodiment of the present disclosure;
FIG. 3 is a front schematic view illustrating the
structure and the installation process of a part of
the rotary solid-state cooling actuator according to
an exemplary embodiment of the present disclo-
sure;
FIG. 4 is a front schematic view illustrating a part of
the rotary solid-state cooling actuator according to
an exemplary embodiment of the present disclo-
sure;
FIG. 5 is a perspective view illustrating a part of the
rotary solid-state cooling actuator according to an
exemplary embodiment of the present disclosure;
FIG. 6 is a graph illustrating changes in torque on
the main transmission shaft relative to rotation an-
gles according to an exemplary embodiment of the
present disclosure and a comparative example.

[0026] Reference numerals are defined as follows:

1 - piston; 2 - main transmission shaft; 3 - connect-

ing rod part;

3a - connecting rod upper part; 3b - connecting rod

lower part; 4 - pin;

5a - upper housing part; 5b - lower housing part; 6 -

linear bearing;

7a - second external rack; 7b - first external rack; 8

- speed reducer;

9 - rotary motor; 10 - elastocaloric material; O -

rotation axis.

DETAIL DESCRIPTION OF EMBODIMENTS

[0027] In order to enable those of ordinary skill in the
art to better understand the technical solutions of the
present disclosure, the mode of the unloaded mechan-
ical work recovery and the structure of the unloaded
mechanical work recovery-based actuator employing
the principle of unloaded mechanical work recovery ac-
cording to the present disclosure are described in detail
below with reference to the drawings.

[0028] The terms used herein are just used to de-
scribe specific embodiments, and are not intended to
limit the present disclosure. The term "and/or" used
herein includes any and all combinations of one or
more associated listed items. The terms "a" and "the"
used herein which indicate a singular form are intended
to include a plural form, unless expressly stated in the
context. The terms "include" and "be made of" used
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herein indicate the presence of the described features,
integers, steps, operations, elements and/or compo-
nents, but do not exclude the presence or addition of
one or more other features, integers, steps, operations,
elements, components and/or combinations thereof.
[0029] In the description of the present disclosure, it
should be noted that the orientations or positional rela-
tionships indicated by the terms "top", "bottom", "up",
"down", "left", "right", "inside", "outside" and the like
refer to the orientations or positional relationships
based on the drawings, or the orientations or positional
relationships in which the product is commonly ar-
ranged in use, and these terms are used simply for
convenience of description and simplification of de-
scription, rather than indicating or implying that the de-
vice or element referred to must have a particular or-
ientation or must be constructed and operated in a par-
ticular orientation, and therefore, these terms should
not be construed as limiting the present disclosure.
[0030] Unless otherwise defined, all terms (including
technical and scientific terms) used herein have the
same meaning as commonly understood by those of
ordinary skill in the art. It should be further understood
that terms, such as those defined in commonly used
dictionaries, should be interpreted as having a meaning
that is consistent with a meaning in the context of the
related art and the present disclosure, and should not
be interpreted in an idealized or overly formal sense
unless expressly so defined herein.

[0031] FIG. 1 illustrates the principle of unloaded me-
chanical work recovery according to the present disclo-
sure. Based on the principle of object deformation,
when an object is deformed (stretched, compressed,
twist or bent), the object stores elastic deformation me-
chanical energy. As the deformation is completed, the
object releases the stored mechanical energy to the
outside. The same also applies to the elastocaloric ma-
terials. In general, materials used for elastocaloric cool-
ing have superelasticity (or pseudoelasticity), that is,
the materials can undergo large elastic deformation
and recover to their original states without residual
strain. Based on such characteristic, the present disclo-
sure adopts an eccentric transmission mechanism to
drive the elastocaloric materials to deform, and utilizes
elastic deformation mechanical energy stored in the
elastocaloric material to drive the transmission shaft of
the eccentric mechanism to rotate in turn; meanwhile,
when being deformed by external force, the elastocalo-
ric material will undergo phase transition to release or
absorb heat, thereby performing cooling.

[0032] For simplifying the description, an eccentric
wheel is taken as an example of the eccentric transmis-
sion mechanism in FIG. 1. When a distal portion of the
eccentric wheel rotates to below the elastocaloric ma-
terial (elastocaloric material member), the distal portion
of the eccentric wheel presses the elastocaloric materi-
al, so that the elastocaloric material releases heat while
undergoing compressive deformation; as the eccentric
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wheel continues to rotate, the elastocaloric material en-
ters an unloading process after passing the highest
point of the distal portion, and releases elastic deforma-
tion mechanical energy and absorbs heat from the sur-
rounding environment. The mechanical energy re-
leased by the elastocaloric material can be transmitted
to the eccentric wheel, thereby further driving the ec-
centric wheel to rotate. The inventors also found that,
since the transmission shaft needs to be connected to
a motor, the gear structure of the motor itself may ex-
perience self-locking and cannot change speed instan-
taneously to rotate (that is, cannot keep rotating
through inertia). If a single-cylinder design is adopted,
that is, the cooling apparatus is provided with only one
elastocaloric material, unloaded mechanical work in-
stantaneously transferred to the transmission shaft
cannot be stored and transferred for loading of the
same elastocaloric material in a next time period. In
view of the above, the present disclosure adopts a mul-
ti-cylinder mechanism design (including at least two cy-
linders), and through design of phase angles of ec-
centric positions, it is satisfied that the loading of one
material and the unloading of the other material occur
at the same time, and the torque on the transmission
shaft is reduced due to the simultaneous action of the
two materials. That is, the torque required for simulta-
neously driving two materials is less than the sum of
torques required for separately driving the two materi-
als, the reason being the occurrence of unloaded work
recovery. Based on the above principle, the unloaded
work recovery ratio of the actuator may be roughly cal-
culated by the following formula:

WZ _“]in

work recovery ratio =
nW,

1
where W, refers to mechanical work required for load-
ing and deforming a single elastocaloric material with-
out unloaded work recovery; n represents the number
of cylinders in an actuator (that is, how many materials
there are in the actuator); W;, refers to total mechanical
work (a measured value) required to achieve a driving
process under actual operating conditions using the ro-
tary solid-state cooling actuator of the present disclo-
sure; and W, refers to unloaded mechanical work of a
single material under the operating conditions. In gen-
eral, for materials such as springs with a constant mod-
ulus of elasticity, W, is equal to W,. Under actual oper-
ating conditions, since a shape memory alloy under-
goes two-phase transformation during phase transition,
the Young’s modulus of the shape memory alloy con-
tinuously changes, so that hysteresis is caused, and a
part of the unloaded mechanical work is converted into
hysteresis heat and is dissipated; therefore, for system
analysis related to shape memory alloy, W, is greater
than W,.

[0033] Based on the above principle, exemplary em-
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bodiments of the present disclosure provides a rotary
solid-state cooling actuator capable of achieving un-
loaded mechanical work recovery of an elastocaloric
material under rotational motion (hereinafter referred to
as a rotary solid-state cooling actuator). As shown in
FIG. 2 to FIG. 5, the rotary solid-state cooling actuator
includes: a rotary motor 9, a main transmission shaft 2,
two eccentric transmission mechanisms, two pistons 1,
and two elastocaloric materials 10.

[0034] The rotary motor 9 is configured to drive the
main transmission shaft 2 to rotate. The two eccentric
transmission mechanisms are installed at different axial
positions of the main transmission shaft 2. The ec-
centric transmission mechanisms function to convert
rotational motion of the main transmission shaft 2 into
linear reciprocating motion of the pistons 1, and the two
elastocaloric materials 10 are periodically loaded and
unloaded through the reciprocating motion of the two
pistons 1, respectively. Phase angles of the two ec-
centric transmission mechanisms relative to the main
transmission shaft 2 (rotation axis O) differ by 180 de-
grees, so that time periods during which the two elasto-
caloric materials 10 are unloaded (or loaded) are stag-
gered from each other. In other words, when one elas-
tocaloric material 10 is loaded, the other elastocaloric
material 10 is unloaded. Each elastocaloric material 10
may apply, in its unloading process, downward thrust to
one of the pistons 1, the thrust may drive the piston 1 to
move downwards and thus drive the eccentric trans-
mission mechanism to move downwards at the same
time, and the transmitted thrust may act on the main
transmission shaft 2 in a tangential direction to provide
thrust for rotation of the main transmission shaft 2.
Since the two elastocaloric materials 10 do not provide
thrust to the main transmission shaft 2 simultaneously,
the thrust promotes the rotation of the main transmis-
sion shaft 2 instead of hindering the rotation of the main
transmission shaft 2, thereby reducing input work of the
rotary motor 9.

[0035] Specifically, as shown in FIG. 2, the main
transmission shaft 2 can rotate around the rotation axis
O. Cross sections of portions of the main transmission
shaft 2 where the eccentric transmission mechanisms
are installed are in a shape of a circle, but the center of
the circle does not coincide with the rotation axis O. In
other words, the portions of the main transmission shaft
2 where the eccentric transmission mechanisms are
installed are of an eccentric circular structure relative
to the rotation axis O of the main transmission shaft 2,
that is, the main transmission shaft 2 is of a (partially)
eccentric shaft structure. The two eccentric circular por-
tions have an angular deviation of 180 degrees in the
radial direction, that is, phase angles of the two ec-
centric circular portions differ by 180 degrees. In addi-
tion, eccentricity of each eccentric circular portion may
be set to 1.5 mm, that is, the radial distance between
the centers of the two eccentric circular portions is 3
mm.



1 EP 4 826 309 A1 12

[0036] As shown in FIG. 2, each eccentric transmis-
sion mechanism includes a connecting rod part 3 and a
pin 4, and the connecting rod part 3 includes a connect-
ing rod upper part 3a and a connecting rod lower part
3b which are screwed together. The connecting rod
lower part 3b and the lower end of the connecting rod
upper part 3a form an annular portion. The inner dia-
meter of the annular portion matches the outer dia-
meter of the eccentric circular structure, so that the
annular portion may be sleeved over the outer circum-
ferential surface of the eccentric circular portion of the
main transmission shaft 2, and slide (rotate) circumfer-
entially relative to the outer circumferential surface. The
other end of the connecting rod part 3, i.e., the upper
end of the connecting rod upper part 3a, is hinged to
the lower end of the piston 1 through the pin 4, so as to
constrain the piston 1 from moving back and forth or
moving left and right. In addition, since the annular por-
tion of the connecting rod part 3 is sleeved over the
eccentric circular portion having the eccentricity of 1.5
mm, when the main transmission shaft 2 rotates, the
connecting rod part 3 may swing about the pin 4 rela-
tive to the piston 1, and meanwhile, the upper end of
the connecting rod part 3 drives the piston 1 through
the pin 4 to perform reciprocating motion with a stroke
of about 3 mm.

[0037] As shown in FIG. 3 and FIG. 5, the rotary
solid-state cooling actuator according to an exemplary
embodiment of the present disclosure may further in-
clude two linear bearings 6. Each linear bearing 6 is
sleeved outside the corresponding piston 1 for to pro-
viding constraint for the piston 1 and reducing friction
loss generated during upward and downward motion of
the piston 1.

[0038] As shown in FIG. 5, the rotary solid-state cool-
ing actuator according to an exemplary embodiment of
the present disclosure may further include two first ex-
ternal racks 7b. The first external rack 7b is a support
structure for supporting the corresponding piston 1 and
the corresponding elastocaloric material 10. The first
external rack 7b may be further configured to fix the
corresponding elastocaloric material 10. Both ends of
the elastocaloric material 10 are fixed between the cor-
responding piston 1 and the first external rack 7b by
means of direct contact, threaded connection, welding,
or bonding. The first external rack 7b may be installed
on the linear bearing 6, and may include: a plurality of
screws fixed to the top surface of the linear bearing 6,
and a top cover fixed to the screws by nuts. The posi-
tion of the top cover may be adjusted through the nuts,
and the bottom surface of the top cover and the top
surface of the piston 1 may be provided with blind holes
or screw holes for receiving the ends of the elastocalo-
ric material 10.

[0039] As shown in FIG. 4, the rotary solid-state cool-
ing actuator according to an exemplary embodiment of
the present disclosure may further include a speed re-
ducer 8. The rotary motor 9 is connected to the main
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transmission shaft 2 through the speed reducer 8. The
speed reducer 8 is axially connected to the rotary motor
9 and the main transmission shaft 2, and is configured
to increase torque on the main transmission shaft 2. In
addition, the rotary motor 9 in the rotary solid-state
cooling actuator according to the exemplary embodi-
ments of the present disclosure may adopt a servo mo-
tor, a stepper motor, a torque motor, a switched reluc-
tance motor, or a brushless direct current motor, or may
adopt a mechanical device capable of performing rota-
tional motion.

[0040] As shown in FIG. 3 and FIG. 4, the rotary
solid-state cooling actuator according to an exemplary
embodiment of the present disclosure may further in-
clude a second external rack 7a for fixing the speed
reducer 8 and the eccentric transmission mechanisms.
[0041] Further, as shown in FIG. 3, the rotary solid-
state cooling actuator according to an exemplary em-
bodiment of the present disclosure may further include
an upper housing part 5a and a lower housing part 5b.
The upper housing part 5a and the lower housing part
5b serve as housing supports to bear the pistons 1 and
the main transmission shaft 2, respectively. The linear
bearings 6 may be fixed to the upper housing part 5a.
The lower housing part 5b may be fixedly connected to
the second external rack 7a.

[0042] It should be noted that, although the rotary
solid-state cooling actuator according to the above ex-
emplary embodiments of the present disclosure adopts
a two-cylinder structure, that is, each of the number of
eccentric transmission mechanisms, the number of pis-
tons, and the number of elastocaloric materials is two,
the present disclosure is not limited thereto, and the
rotary solid-state cooling actuator may adopt a three-
cylinder structure, a four-cylinder structure, or a struc-
ture with more cylinders. Optionally, in a case where an
N-cylinder structure is adopted, where N>2, the differ-
ence between the phase angles of any two adjacent
eccentric transmission mechanisms is 360/N degrees.
In other words, for any intermediate eccentric transmis-
sion mechanism, if the phase angle of the intermediate
eccentric transmission mechanism is o, the phase an-
gle of an adjacent eccentric transmission mechanism
before the intermediate eccentric transmission me-
chanism and the phase angle of an adjacent eccentric
transmission mechanism after the intermediate ec-
centric transmission mechanism may be «-360/N and
a+360/N respectively; or, the phase angles of the plur-
ality of eccentric transmission mechanisms may not
have an increasing/decreasing relationship as long as
the phase angles of the plurality of eccentric transmis-
sion mechanisms are uniformly distributed within a
range of 360 degrees.

[0043] Under operating conditions, the rotary motor 9
drives the main transmission shaft 2 to rotate through
the speed reducer 8. Each eccentric circular portion of
the main transmission shaft 2 and its corresponding
connecting rod part 3, pin 4, and piston 1 form a crank-
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connecting rod structure. When the main transmission
shaft 2 rotates, each eccentric circular portion drives
the connecting rod part 3 to vibrate up and down and
swing left and right through the annular portion. Mean-
while, since the upper ends of the connecting rod parts
3 are connected to the respective pistons 1 and the
pistons 1 are constrained by the respective linear bear-
ings 6, the rotation of the main transmission shaft 2 is
converted into the linear reciprocating motion of the
pistons 1. The pistons 1 load and unload the elastoca-
loric materials 10 disposed thereon through this reci-
procating motion, thereby inducing the elastocaloric ef-
fect. The elastocaloric effect refers to the elastocaloric
materials 10 releasing heat to the environment when
being compressed, and absorbing heat from the envir-
onment when recovering from deformation. Due to the
different phase angles of the plurality of eccentric trans-
mission mechanisms relative to the main transmission
shaft 2, non-simultaneous linear reciprocating motion of
the plurality of pistons 1 is achieved, so that the elasto-
caloric materials 10 are unloaded (or loaded) by the
pistons 1 in different time periods, that is, the elastoca-
loric materials 10 are in different deformation stages.
During the unloading process, that is, in a deformation
stage from compressive deformation to deformation re-
covery, each elastocaloric material 10 applies down-
ward thrust to the piston 1, and the thrust drives the
piston 1 to move downwards and thus drives the ec-
centric transmission mechanism to move downwards
at the same time. The transmitted thrust acts on the
main transmission shaft 2 in a tangential direction to
provide thrust for rotation of the main transmission
shaft 2. Since the plurality of elastocaloric materials 10
do not provide thrust to the main transmission shaft 2
simultaneously, this thrust can reduce the torque re-
quired for loading other elastocaloric materials, achiev-
ing work recovery, promoting uniform rotation of the
main drive shaft 2, reducing the input work of the rotary
motor 9, and achieving power and energy saving.
[0044] Optionally, although the eccentric transmis-
sion mechanism according to the present disclosure
preferably has the structure described in the above em-
bodiments, it can also have other structures. For exam-
ple, the eccentric transmission mechanism may coop-
erate with the main transmission shaft 2 and the piston
1 to form an eccentric linkage mechanism, an eccentric
cam mechanism, an eccentric bearing mechanism, or a
crank-connecting rod mechanism. For example, when
the eccentric cam mechanism is adopted, the main
transmission shaft 2 may not be provided with the ec-
centric circular portions, and the connecting rod part 3
may be directly replaced with a cam fixed to the main
transmission shaft 2, the cam surface of the cam is in
contact with the bottom of the piston 1 (so as to push
and press the piston 1 when the elastic material is
loaded, or be pushed and pressed by the piston 1 when
the elastic material is unloaded), with each cam having
a different phase angle.
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[0045] Optionally, the elastocaloric material 10 is se-
lected from shape memory alloys, natural rubber, syn-
thetic polymers, and plastic crystals. When the elasto-
caloric material 10 is a shape memory alloy, the elasto-
caloric material 10 may be selected from nickel-tita-
nium alloy, copper-aluminum-manganese alloy, nickel-
manganese-titanium alloy, nickel-titanium-cobalt alloy,
nickel-titanium-copper-cobalt alloy, and nickel-iron-gal-
lium alloy.

[0046] Optionally, the eccentric transmission me-
chanisms, the pistons 1, the main transmission shaft 2,
the linear bearings 6, the upper housing part 5a, and
the lower housing part 5b are made of plastic, metal,
resin, or other materials by additive manufacturing
(e.g., 3D printing) or subtractive manufacturing (e.g.,
wire cutting).

[0047] Optionally, the rotation mode of the main
transmission shaft 2 may be uniform rotation, differen-
tial rotation, or intermittent rotation.

[0048] Optionally, the deformation mode of the load-
ing-unloading process of each elastocaloric material 10
is uniaxial linear deformation including linear compres-
sion and linear tension.

[0049] The rotary solid-state cooling actuator of the
present disclosure is further described below in con-
junction with a test.

Related Test

[0050] The structure of the rotary solid-state cooling
actuator adopted in the present test is shown in FIG. 2
to FIG. 5. The linear bearings 6, the second external
rack 7a, the first external rack 7b, the speed reducer 8,
and the elastocaloric materials 10 used in this test are
commercial standard parts; and the pistons 1, the main
transmission shaft 2, the connecting rod upper parts
3a, the connecting rod lower parts 3b, the pins 4, the
upper housing part 5a, and the lower housing part 5b
are machined alloy components. The components are
connected to each other by screws. The rotary motor 9
is a servo motor. In order to achieve a better demon-
stration effect in the test, the elastocaloric materials 10
are replaced with springs.

[0051] The rotary solid-state cooling actuator oper-
ates as shown in FIG. 1. The main transmission shaft
2 is driven to rotate through the rotation of the rotary
motor 9, and the eccentric transmission mechanisms
convert the rotation into the linear reciprocating motion
of the pistons 1, thereby compressing the springs. Re-
verse recovery of unloaded elastic mechanical work
refers to the spring pushing the main transmission shaft
2 to rotate after being unloaded, thereby reducing the
torque required to load the other spring.

[0052] A torque sensor is axially installed between
the main transmission shaft 2 and the speed reducer 8
for measuring a change of the torque on the main
transmission shaft 2. The two springs in place of the
elastocaloric materials 10 are installed in the two cylin-
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ders of the rotary solid-state cooling actuator of the
present disclosure, respectively. Initially, one spring is
in a compressed state, that is, in a loaded state; and
the other spring is in an undeformed state, that is, in an
unloaded state. After the springs are installed, the ro-
tary motor 9 is started and set to operate in a uniform
rotation mode with a rotation speed set to 16 revolu-
tions per minute. The torque data on the transmission
shaft as a function of the rotation angle of the transmis-
sion shaft is collected and recorded by the torque sen-
sor. As a comparison, torque change of a solid-state
cooling actuator provided with a single spring is col-
lected.

[0053] The result of the test is shown in FIG. 6, area
of regions enclosed by the on-shaft torque variation
curves and the horizontal axis indicating the rotation
angle represents the input work of the rotary motor 9. It
can be seen that the input work required for driving two
materials simultaneously while using the unloaded
elastic work of one material to drive the other material
is smaller than the input work required for driving the
two materials separately (twice the torque curve-en-
closed area for the single material is greater than the
torque curve-enclosed area for the two materials). Ac-
cording to the principle described above, the unloaded
work recovery ratio of the actuator can be roughly cal-
culated by the following formula:

Wl _Wn

i 2
work recovery ratio =
2

where W, refers to the mechanical work required for
loading and deforming a single elastocaloric material
without unloaded work recovery, here referring to the
torque curve-enclosed area for the single material; the
number 2 represents the number of cylinders in the
actuator (that is, how many materials there are in the
actuator); W,, refers to the total mechanical work (a
measured value) required to achieve a driving process
under actual operating conditions using the rotary solid-
state cooling actuator of the present disclosure, here
referring to the torque curve-enclosed area for the two
materials; and W, refers to the unloaded mechanical
work of a single material under the operating condi-
tions. In general, W, is equal to W, for the materials
having a constant elastic modulus, such as a spring.
Through calculation, the work recovery ratio is found to
be 53%, which indicates that the rotary solid-state cool-
ing actuator of the present disclosure has an unloaded
work recovery function. By recovering the unloading
elastic mechanical work of the material, the input work
required by the rotary motor can be reduced to main-
tain system operation, thereby reducing energy con-
sumption.

[0054] Therefore, compared to the existing technol-
ogy, the rotary solid-state cooling actuator of the pre-
sent disclosure has the following advantages.
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1. In the aspect of structural design: The present
disclosure adopts a rotary loading method, which
greatly reduces the number of mechanical trans-
mission devices compared to the existing hydraulic
or linear motor drives, thereby reducing loss of me-
chanical energy and electric energy. By adopting
the multi-cylinder arrangement, an overall length is
greatly reduced, which makes an overall structure
compact.

2. In the aspect of energy utilization: The rotary
solid-state cooling actuator of the present disclo-
sure achieves recovery of unloaded mechanical
work, recovering the unloaded mechanical work of
one elastocaloric material and then utilizing the re-
covered unloaded mechanical work to load another
elastocaloric material, so that energy recovery and
utilization are realized, and energy consumption is
reduced. Compared to traditional technologies
where the cold energy cannot be utilized until heat
dissipation of the elastocaloric materials, the actua-
tor of the present disclosure adopts the multi-cylin-
der design, so that the intermittent coolings of the
plurality of elastocaloric materials can be superim-
posed into a continuous cooling, greatly improving
efficiency and cooling power. By adjusting the ec-
centricity, a single temperature drop of the elasto-
caloric materials of up to 30 degrees can be
achieved. The unloaded mechanical work recovery
requires no additional waiting time, so that the
overall driving operating frequency can increased,
reaching up to 5 Hz, thereby realizing high cooling
power.

3. In the aspect of commercial application: Com-
pared to the existing hydraulic or linear motor
drives, the rotary solid-state cooling actuator of the
present disclosure has the advantages of greatly
reduced overall weight and volume and improved
safety and portability; meanwhile, since the actua-
tor only involves rotational motion when operating,
the actuator needs no additional mechanical trans-
mission device, and thus has high overall mechan-
ical stability, and has high safety factor during op-
eration. Most importantly, by achieving the un-
loaded mechanical work recovery, the energy con-
sumption coefficient of an elastocaloric solid-state
cooler can exceed that of the conventional air con-
ditioners, which can not only reduce power expen-
diture of consumers but also meet requirements of
environmental protection and carbon neutrality.

[0055] In summary, the rotary solid-state cooling ac-
tuator of the present disclosure utilizes the elastic me-
chanical energy stored in the elastocaloric materials
during the unloading process, achieves recovery and
utilization of the unloaded mechanical work, reduces
electric energy consumption required by the whole ac-
tuator, improves energy consumption ratio and stability
of the actuator during operation, and provides new pos-
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sibility for developing a light-weight and commercial
elastocaloric solid-state cooling apparatus.

[0056] In a second aspect, the present disclosure
further provides a solid-state cooling apparatus, which
includes the above rotary solid-state cooling actuator
based on unloaded mechanical work recovery, and
further includes a heat exchange structure for exchan-
ging heat with the elastocaloric materials to transfer
heat and cold energy generated by the elastocaloric
materials.

[0057] Optionally, the heat exchange structure may
be a solid heat exchanger (which directly transfer the
heat by means of solid-solid contact) or a fluid heat
exchanger (which performs solid-liquid convective heat
transfer using a gas, a liquid, or a liquid metal).

[0058] Since the solid-state cooling apparatus in-
cludes the above rotary solid-state cooling actuator,
the solid-state cooling apparatus has all the advan-
tages of the rotary solid-state cooling actuator.

[0059] It should be understood that the above embo-
diments are just exemplary embodiments adopted to
illustrate the principle of the present disclosure, and
the present disclosure is not limited thereto. Various
modifications and improvements can be made by those
of ordinary sill in the art without departing from the spirit
and essence of the present disclosure, and those mod-
ifications and improvements are also considered to fall
within the scope of the present disclosure.

Claims

1. A rotary solid-state cooling actuator based on un-
loaded mechanical work recovery, wherein:

the rotary solid-state cooling actuator com-
prises a rotary motor, a main transmission
shaft driven by the rotary motor to rotate, N
eccentric transmission mechanisms installed
at different axial positions of the main trans-
mission shaft and driven by the main transmis-
sion shaft, N pistons respectively driven by the
N eccentric transmission mechanisms to per-
form reciprocating motion, and N elastocaloric
materials periodically loaded and unloaded
through the reciprocating motion of the N pis-
tons, wherein

N is an integer greater than 1;

the N eccentric transmission mechanisms
have different phase angles relative to the
main transmission shaft, so that the N elasto-
caloric materials are unloaded in different time
periods; and

each elastocaloric material releases its own
mechanical work during unloading to provide
thrust for rotation of the main transmission
shaft.
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2.

The rotary solid-state cooling actuator according to
claim 1, wherein:

along an axial direction of the main transmission
shaft, a difference between the phase angles of
any two adjacent eccentric transmission mechan-
isms in the N eccentric transmission mechanisms
is 360/N degrees.

The rotary solid-state cooling actuator according to
claim 1 or 2, wherein:

each of the eccentric transmission mechanisms co-
operates with the main transmission shaft and a
corresponding piston to form an eccentric linkage
mechanism, an eccentric cam mechanism, an ec-
centric bearing mechanism, or a crank-connecting
rod mechanism.

The rotary solid-state cooling actuator according to
claim 1 or 2, wherein, at each of the different axial
positions of the main transmission shaft:

a cross section of the main transmission shaft
is in a shape of a circle, and a center of the
circle does not coincide with a rotation axis of
the main transmission shaft; and

the eccentric transmission mechanism com-
prises a connecting rod part and a pin, an end
of the connecting rod part away from the piston
comprises an annular portion, the annular por-
tion is sleeved over an outer circumferential
surface of the main transmission shaft and is
capable of sliding circumferentially relative to
the outer circumferential surface of the main
transmission shaft, and the other end of the
connecting rod part is hinged to an end of the
piston away from the elastocaloric material
through the pin.

The rotary solid-state cooling actuator according to
claim 4, wherein:

the connecting rod part comprises a connecting
rod upper part and a connecting rod lower part,
the annular portion is formed by the connecting
rod lower part and a lower portion of the connect-
ing rod upper part, and the connecting rod upper
part and the connecting rod lower part are screwed
together.

The rotary solid-state cooling actuator according to
claim 5, further comprising:

linear bearings, which are sleeved over the re-
spective pistons, for limiting a direction of the
reciprocating motion of the pistons;

first external racks, which support the respec-
tive pistons and the respective elastocaloric
materials, both ends of each elastocaloric ma-
terial being fixed between a corresponding pis-



7.

10.

1.

19 EP 4 826 309 A1

ton and a corresponding first external rack by
means of direct contact, threaded connection,
welding, or bonding; and/or

an upper housing part and a lower housing
part, which are configured to bear the pistons
and the main transmission shaft, respectively.

The rotary solid-state cooling actuator according to
claim 1 or 2, wherein:

the rotary motor is selected from a group con-
sisting of a servo motor, a stepper motor, a
torque motor, a switched reluctance motor,
and a brushless direct current motor, and

the rotary solid-state cooling actuator further
comprises a speed reducer, the rotary motor
driving the main transmission shaft to rotate
through the speed reducer.

The rotary solid-state cooling actuator according to
claim 7, further comprising a second external rack
for fixing the speed reducer and the eccentric
transmission mechanisms.

The rotary solid-state cooling actuator according to
claim 1 or 2, wherein:

the elastocaloric material has a geometric
shape selected from a group consisting of cy-
lindrical, cubic, cuboid, circular tubular, and
rectangular tubular; and

the elastocaloric material is selected from a
group consisting of shape memory alloys, nat-
ural rubber, synthetic polymers, and plastic
crystals.

The rotary solid-state cooling actuator according to
claim 1 or 2, wherein:

a deformation mode of a loading-unloading pro-
cess of the elastocaloric material is uniaxial linear
deformation, wherein the uniaxial linear deforma-
tion comprises linear compression and linear ten-
sion.

A solid-state cooling apparatus, comprising:

the rotary solid-state cooling actuator accord-
ing to any one of claims 1 to 10; and

a heat exchange structure, which is configured
to exchange heat with the elastocaloric materi-
als to transfer heat and cold energy generated
by the elastocaloric materials.
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