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Abstract: This paper presents and examines a new design concept for a bistable reciprocating piston
pump. The bistable pump mechanism belongs to the bistable mechanisms, which have two stable
positions at the end of the suction and discharge strokes. The transition between the stable positions
is achieved by using triggering force at each beginning of suction and discharge and subsequent
movement using a recuperative spring. In this mechanism, the triggering forces are created by two
Shape Memory Alloy (SMA) wires. Geometric and force expressions for the pump suction and
discharge strokes are derived. Additional equations are obtained for the balance of moments for the
two stable equilibrium positions and the unstable position in the middle of the stroke. Numerical
studies have been conducted for the suction and discharge strokes, considering the force exerted by
the gas on the piston, which is modelled by an indicator diagram assuming a polytropic process. It
was found that the load on the mechanism has significant non-uniformity. The diagrams illustrating
the distribution of total moments showed that the cold SMA wire shifted the point of instability.
The numerical example shows how to choose the right spring stiffness to obtain energy recovery. In
this way, the triggering SMA forces act only at the beginning of the two strokes and, after that, the
recuperative forces substitute the action of the SMA forces. The theoretical relationships and methods
presented here are suitable for synthesizing new pumps or analyzing similar mechanisms.

Keywords: bistable mechanism; shape memory alloys; reciprocating pump; recuperation

1. Introduction

Opver the last two decades, the increase in industrial production and the availability of
SMA (Shape Memory Alloy) components have made it possible to create many innovative
mechatronic devices with specific functionalities. Two well-studied SMA properties are
primarily used—Shape Memory and superelasticity effects [1-3]. Both properties arise from
the reversible change of the crystal structure of SMA under the influence of temperature or
mechanical stresses. From a mechanical viewpoint, the Shape Memory Effect manifests
as an effect in which, after heating, a plastically deformed structural element recovers its
original shape and size. In the superelasticity effect, for a constant temperature above
the austenitic finish temperature and the external load applied, the element undergoes
a large deformation, which is reversible when the load is removed. These properties
allow the creation of devices with various functionalities using a minimum amount of
building parts. In the available literature, special attention was given to SMA applications
to build mechanisms with two stable positions, called bistable mechanisms. The SMA
elements generate forces that switch the system between the two positions. The bistable
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mechanism keeps its stable position locked in one of two possible positions until a force
with the required magnitude and direction is applied to switch it to the other stable position.
Another feature of these mechanisms is that when switching to the other stable position, the
potential energy accumulated in the elastic elements forces the mechanism to pass through
the unstable equilibrium position quickly.

Bistable mechanisms combined with SMA elements have attracted research attention
and have been used to create numerous devices. The study of a crawling robot actuated
by two antagonistic SMA springs was described in [4], and in [5], a method for analyzing
and designing SMA-actuated compliant bistable mechanisms was presented. The authors
of [6] developed an innovative, compliant industrial gripper powered by a bistable SMA
actuator with low mass. The paper [7] presented a novel design of an energy-efficient,
adaptive material-handling system containing a bistable SMA-actuated vacuum suction
cup, which can replace the pneumatic grippers widely used in the industry. The authors
of [8] described an interesting electromechanical device composed of a nitinol wire and a
bias spring, which implements binary logical functions using a bistable effect.

SMA-controlled bistable mechanisms are often combined with other drive principles
to extend functionality. The authors of [9] studied a new microactuator design with
high blocking forces, using two actuation principles simultaneously by combining SMA
microactuators with electroplated magnetic layers placed in an external magnetic field,
which achieved better device functionality. Another paper [10] presented a compound
actuator that combined the advantages of SMA and piezoelectric materials for changing
the deformation of a cantilever beam made of asymmetric composite. The main benefit
was that it could perform bi-directional control and achieve two stable beam states.

Using SMA elements has the following additional advantages: they are actuators
with high energy density compared to other driving principles [11], they have self-sensing
capabilities [12] and great potential for miniaturization [13,14], but their accurate control
when following trajectories is limited [15,16]. Other limiting factors are low operating
frequency [14,17] and long response time [18].

In addition to experimenting with physical models of bistable mechanisms, theoretical
studies are conducted at a smaller scale. The main reason for this is that SMAs shows a
complex nonlinear behaviour combined with temperature hysteresis described by multiple
parameters that vary widely [19]. The authors of [20] developed a complex theoretical
model describing the thermomechanical behaviour of a controllable bistable beam utilizing
anonlinear dynamic model. A further difficulty is that these devices combine multiple inter-
acting physical domains, described by complex systems of coupled non-linear differential
equations. Some authors overcame these theoretical difficulties by numerical simulation.
The authors of [21] used finite element analysis to overcome the mathematical difficulties
in stress modelling in a self-switching buckled beam. The approach presented in [22] is
similar in modelling bistable mechanisms with elastic links used in space applications. A
novel application of the bistable mechanisms is their use in fluid valves [23,24]. The authors
patented the valve actuator [25,26] which also utilized a bistable mechanism operated by
SMA wires.

Bistable mechanisms are also very suitable for pumps. The patent [27] presented a
design of a pump where a bistable mechanism was applied to control the rate of a liquid in
a pump in which pump capacity was stable at either the upper limit or the lower limit of the
variable capacity range depending on the switching state. A bistable auxiliary device was
applied in [28] as a flip-flop. A linear series of bistable overlapping shallow domes formed
into a metal strip were used in the flex-actuated bistable dome pump [29]. A head of a
bistable compressor with an additional compression chamber and a pressure relief valve
were applied in [30]. A novel compressor design based on the bistable effect combined
with SMA driving elements was presented in [31].

The motivation for the present work is the potential possibility to obtain an energy-
efficient pump through a combination of SMA with a bistable mechanism. The pump is
expected to be efficient because the driving forces generated by the SMA wires are applied
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only at the beginning of the movement, after which the elements of the mechanism move
under the action of recuperative springs.

This paper aims to introduce a new design concept for a bistable pump with a recuper-
ative spring powered by SMA wires. The bistable pump design was based on an upgrade
of the operating principle of the author’s patented fluid valve [26] towards adding a lever
system and a piston to convert it to a pump. It also aims to develop a theoretical method
for synthesizing such a pump and prove its operability.

Furthermore, this document is structured in the following way. Section 2 details
the design and operation of the pump under study. In Section 3, geometric and force
relationships are derived for the considered mechanism. Section 4 is devoted to numerical
studies and discussions. Section 5 presents experimental studies of a similar system. The
research findings are presented in Section 6.

2. Design Concept of the Developed Reciprocating Piston Pump with Bistable Action
Driven by Recuperative Springs

The authors’ design concept and operating principle of the pump are illustrated in
Figure 1 [31]. A rocker 1, consisting of three undeformable rigidly connected arms OA, OB,
and OC, rotates about the revolute joint O with respect to the pump housing 0. The coupler
2 is connected by a revolute joint in point B to the rocker 1 and to the second revolute joint
in point D to the piston 3. An extension piston spring 4 is connected to the revolute joint B
and the housing in point E. The compression recuperative spring 5 is connected to point C
of the rocker 1 and to point F of housing 1. The SMA wire 6, named “suction SMA wire”,
is mounted between point M of the rocker 1 and point N of housing 0. A second SMA
wire 7, named “discharge SMA wire”, connects the rocker 1 in point A to the housing in
point K. The piston 3 slides in the cylinder 8 belonging to housing 0. On the bottom side of
cylinder 8, there are a suction valve 9 and a discharge valve 10. The rotation of the rocker
is constrained by a left stopper 11 and a right stopper 12. Three active forces are acting
continuously on the rocker: the force F, of the recuperative spring, the force F; of the piston
spring and the piston gas force F,,. In addition to these continuous forces, a force of one of
the SMA wires is applied to the rocker for a certain amount of time.

TDC

(a) (b)

Figure 1. Schematic diagram of the pump in: (a) Top dead centre (TDC); (b) Bottom dead centre
(BDC) [31].
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The function of the pump described is as follows. Let us assume that the parts of
the pump are in the position known as “top dead centre” (TDC), as shown in Figure 1a,
and let us consider the moments of the active forces with respect to the revolute joint O.
In this position, the moment of the force of the recuperative spring is greater than the
sum of the moments of the force of the piston spring and the force of the piston gas. This
difference between the forces” moments rotates the rocker clockwise while resting on the
right stopper 12. This position of the bistable mechanism is called the “right stable position”.
It coincides with the TDC of the piston. In this right stable position, the suction SMA wire
6 is stretched as much as possible, and the discharge SMA wire 7 is released. During the
whole counter-clockwise rotation, the suction stroke of the piston is present. To get the
pump out of the right stable position, the suction SMA wire 6 is activated by passing an
electric current through it and thus causing its Joule heating and shortening. The emerging
in the wire tensile force Fsyas rotates the rocker counter-clockwise. The rocker reaches
an intermediate “unstable equilibrium position” in which the total moment of all forces
with respect to point O is zero. The suction SMA wire’s length is determined, so force
action stops after passing the rocker’s unstable equilibrium position. After this position, the
moment of the piston spring force F; is larger than the sum of moments of the recuperative
force F, and the piston gas force F),. This turns F; into a driving force. At the end of the
counterclockwise rotation of the rocker, its movement is restricted by the left stopper 11.

The position of the mechanism shown in Figure 1b is the second stable equilibrium
position corresponding to the piston’s “bottom dead centre” (BDC). The discharge SMA
wire 7 pulls the rocker out of this position, rotating it clockwise. This rotation continues
until the rocker again passes through the unstable equilibrium position. After that, the force
F, of the recuperative spring drives the rocker until the right stopper restricts its motion.
Throughout the clockwise rotation, the piston discharge stroke is carried out.

3. Geometric and Force Relationships for the Pump Suction and Discharge Strokes

Figure 2 depicts a modified schematic diagram of the pump for the position ¢ of
the rocker. To increase the number of possible design options, the kinematic chain of the
mechanism compared to Figure 1 is modified. The piston spring 4 is connected to the
rocker in point P and the piston and the coupler comprise a single unit 2 consisting of a
semi-spherical piston seal and a rigidly connected rod AB.

y

F

‘FCSMAD

Figure 2. Pump geometry and force layout during the suction stroke.
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We would assume that the rocker in Figure 2 rotates counter-clockwise and that the
piston then performs a suction stroke. The pressure p acting on the piston as a function
of the displacement s of point B is described by the indicator diagram p-s shown in the
same figure. The end positions of the rocker are denoted by the dotted lines A1 Fy and A, F».
The stroke of the piston is i, = A1A;. A reference coordinate system Oxy with an origin
coinciding with the revolute joint O rocker is situated so that its x-axis halves the stroke of
the piston .

The end positions of the rocker are symmetrical with respect to the x-axis and corre-
spond to the angle ¢, respectively, —the angle — ¢y which is not shown in Figure 2. The
following equations represent the position of point C:

xc = Reos(p + B) M

yc = Rsin(g + B) €

where R is the length of the arm OC and g = <AOC
The working length of the recuperative spring CD is denoted by p calculated as

p=CD = /(xc —xp)* + (ye — yn)? ®)

Additionally, then the axial force F; in the recuperative spring is obtained.

F = (lRO - p)kr @)

where g is the initial nondeformed length of the recuperative spring, and k; is the stiffness
of the recuperative spring.
The moment M, of the recuperative force with respect to the revolute joint O is
determined as
M, = —Fh, ®)

where I, = OCj is the distance between the line of action of the recuperative force and
point and OC; L DC,. The negative sign of M, is due to its clockwise direction.
From the triangle AOC;Cy, after denoting x, = OC; and ¢, = <<C;0C; the distance
h, is calculated as:
hy = xy cos g 6)

where the cosine of the angle between the ordinate and the direction of the recuperative

force is

cos Py = yo —Ye ;yc 7)

Additionally, x; is calculated as:

Xc —Xp
8
YD — XC ®)

Xr =xp +yptany, = xp +yp

The piston spring force pulls the piston during the suction stroke, and according to the
presented schematic diagram and assuming xg = 7, cos ¢;, it is expressed by the following
equation:

Fs = [(yg — rpsing) — lyo] ks )

where [ is the initial length of the piston spring, yg is the vertical coordinate of point E, ks
is the stiffness of the piston spring, also r, = OP.
The moment of the piston spring force with respect to point O is:

M;s = Fsrpcos ¢ (10)
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The pressure p of the gas during the suction stroke creates a piston gas force F, which
depends on the indicator diagram and is presented by the formula

D2
F, = ——(p — patm) (11)

4
where D is the diameter of the piston, and pgy, is the atmospheric pressure.
The angle v between the vertical axis and the direction of the coupler is:

rCcos @ — Xp2

] (12)

7y = arcsin
where xp, = rsin @y and I = BD.
The moment M,, of the piston force F,, with respect to point O is calculated using the

angle y as follows:
Mp = —Fyrcosy (13)

For the equilibrium of the described moments with respect to point O, the following
reasoning is appropriate. The two SMA wires apply two kinds of forces to the rocker.
The first force is elastic, which arises due to the initial stretching of the wires in their cold
martensitic state. The second force drives the pump rocker when it is heated and recovered.
For the case in Figure 2, when the piston sucks gas and the rocker rotates counterclockwise,
the cold SMA wire force Fcgypap arises when the angle ¢ becomes bigger than the angle
@sp for which the sum of all moments relative to point O is zero. When rotating, the rocker
at point F stretches the cold SMA wire, then the force is computed using the following
equation:

Fesaap = EMASDyp (psp — @) IF @i > @ > gsp AND  Topa < Ay
0 IF — ¢in < ¢ < 9sp AND  Tspa < Ay

(14)

where E) is Young’s modulus of the SMA wire at a cold martensitic state, Asp and Isp
are the cross-section area and the length of the SMA wire FK, Tsp4 is the SMA wire
temperature, A £ is the final austenite temperature of the SMA wire, and r. = OF.

To ensure a longer pump lasting time and reliability, the strain ecg4pp of the SMA
wire should be limited to a value of (2.5 = 3)% [1,32,33]:

ECSAMD — AZSD/ZSD S 0.025 (15)

where Alsp = (¢sp — ¢in)7E is the deformation of the SMA driving wire. To satisfy
condition (15) the entire length of the wire can be calculated using the following equation:

Isp = (¢sp — @in)rr/0.025 (16)

The cross-section Agp of the SMA wire must be calculated at the beginning of the
discharge stroke, considering that it is in the high-temperature austenite phase and Young’s
modulus is about two times larger than at the low-temperature martensite. The moment
condition at the beginning of the discharge stroke is written as:

Eq A
Musan(=@in) = =2 rH(gsp = gin) > Mr(=gin) + Ms(=gin) + My(—gin)  (17)

whence the following formula is derived:

[ My (—@in) + Ms(—@in) + Mp(—@in) ] IsD
Ear%(@sp — @in)

Asp > (18)
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This moment is caused by the rotation of the rocker and one can see it has a potential
character because it is a position load. The cold SMA discharge wire force Fcspap creates
a moment Mcspyrap with respect to point O equal to:

EviA .
Mcsmap = —Fesmapts = — A?SDSD #(¢sp — @) if > ¢sp (19)

The force Fyspas of the hot SMA suction wire is controlled and its appearance de-
pends on the instant in which electricity is passed through the wire. For the considered
case in Figure 2, this force must act from the beginning of the piston motion when ¢ = ¢;;,
and is expressed approximately as

EaAss . ;
FHSMAS — Iss rM(q) q)m) l'f q) < QDSS (20)
0 if > @ss

where E 4 is Young’s modulus for the hot austenitic state, Agg is the cross-section area of
the SMA suction wire, [gs is the length of the SMA suction wire, r); = OM. The angle ¢ss
is the angle in which the current of the hot SMA suction wire is switched off and it must be
larger than the angle corresponding to the point of instability.

The length of the wire and the mechanism geometry are chosen so the force Fyspras
becomes zero when ¢ > ¢ss. The wire must generate a driving moment Mygpr4s which
brings the system out of its first stable position:

Misais = { Frsmasty = S5 (9 — ¢in) if =i <9< gss 1)
0 if @i > ¢ > @ss

The suction SMA wire becomes cold at the end of the discharge stroke. Then, the
rocker rotates clockwise and stretches the suction SMA wire after the angle value ¢ > ¢gs.
Furthermore, the electrical current for this wire must be switched off. The force Frspras
that generates this cold SMA suction wire is expressed as:

EmAss _ e
Fesmas = s Tm(Pss — @) If Pin < ¢ < @ss )
0 if Qin > @ > Pss

where the cross-section area Agg is calculated as:

(MY((PI'H) + MS(GDin) + Mp(q’in))lSD

Agg > (23)
Eariy(@ss — @in)
Additionally, the minimum length of the SMA suction wire Igg is
Iss 2 (¢ss + Qin)ra/0.025 (24)
The moment of the cold SMA suction wire with respect to point O is
Fcsmastyy = %7%4(4’ — Pin) if =@, <¢<@ss
Mcsmas = s , (25)
0 if @iy = ¢ > Pss

The balance of the moments determines the three equilibrium positions of the considered
bistable mechanism. As clarified above, there are two stable equilibrium positions at the
beginning and end of the piston stroke and one unstable position at the middle of the stroke.

For the first stable equilibrium position at the beginning of the stroke, if the hot SMA
suction wire force still has not emerged (i.e., Fiyspas = 0), the balance of the moments
must be negative:

AMy(—@o) = My + Ms + M1 + Mcspas < 0 (26)
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In this inequality, the moment created by the cold SMA suction wire must be consid-
ered. Although an electrical current does not activate the suction wire, it exerts a moment
on the rocker due to its elastic properties in the cold state.

The unstable equilibrium position is determined by the angle ¢, satisfying the
equation:

M;(@ne) + Ms(@ne) + Mp(pne) =0 (27)

Here, the value of the angle ¢, is constrained by the inequality —¢¢ < @ < @o.
The third equilibrium state is this second stable position at the end of the piston stroke,
and it must satisfy the inequality.

AM; (o) = My + Ms + My + Mcspap > 0 (28)

Here, the moment M¢sp4p cannot be excluded because it is not a controllable load,
and it always appears when ¢ > @sp.

The equations for the stable and unstable positions are essential for the kinematic and
force synthesis of the pump mechanism. Synthesis cannot be performed without taking
into account the reverse stroke of the piston when performing the discharge motion. The
discharge stroke starts from the BDC and ends in TDC position of the piston—see Figure 3.
During this stroke, the rocker rotates clockwise, so the driving moment for the suction
stroke turns into resistant and vice versa. According to this, for the discharge stroke, the
positive moments will be resistant and negative ones will be driving.

y

Figure 3. Pump geometry and force layout for the discharge stroke.

4. Numerical Study and Discussions

A series of numerical experiments were carried out to prove the concept for energy
recuperation in the studied bistable reciprocating piston pump with a limited stroke. The
studies were conducted using the numerical values for the parameters in Table 1.

With consideration to the balance of the moments (17) with respect to point O for the
beginning of the suction stroke, the force exerted by the gas on the piston was determined
for the maximum absolute pressure p;, and the minimum gas pressure was chosen to be
p;. Figure 4a shows the simplified indicator diagram, presenting the piston’s absolute gas
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pressure p as a function of the displacement s [34]. More accurate forms of the indicator dia-
gram were presented in [35,36], but the simplified form was used here to avoid complicated
outcomes.

Table 1. Design parameters for numerical study of the bistable pump with recuperation action.

Parameter Name and Symbol Numerical Value and Unit
Maximum absolute pressure, py, 1 MPa
Minimum gas pressure, p; 50 kPa
Stroke of the piston, iy 0.016 m
Diameter of the piston, D 0.03m
Atmospheric pressure, pas 101,325 Pa
Length of the coupler, 0.415m
Length of the arm, r 0.125m
Vertical coordinate of the point E, yg 0.1m
Distance OC, R 0.065 m
Angle AOC, B 75°
Horizontal coordinate of point D, xp 0.025 m
Vertical coordinate of point D, yp 0.1m
Stiffness of the recuperative spring, kg 900 kN/m
Stiffness of the piston spring, ks 20 kN/m
Discharging SMA wire distance, r¢ 0.0625 m
Initial coupler angle, ¢sp 0.128°
Martensite Young’s module of SMA, Ep; 21.7 x 10° Pa
Austenite Young’s module of SMA, E4 55.5 x 10° Pa
Suction SMA wire distance, 0.0625 m
‘ Discharge stroke { Fo N |F o
p,Pa ™ |
U it B : 6004
pr discharge |
: 5004
8§ x 10 |
[ |
E : 400
6x10] 2 |
: 3004
4 x 107 :
: 2004
Y |
2 x 10™] : 1004
|
gi"“ - _D— —— Sucfion _r_ ; C o s, m
0.00270.004 0006 0.008 0.010 0.012 0.014 0016 Fpmin | \Q.002 0.004 0.006_0.008 0.010_0.012_0.07~0.016
Suction stroke s, m
(a) (b)

Figure 4. The indicator diagram and piston forces: (a) The indicator diagram p—s and atmosphere
pressure papy. (b) Diagram of the piston gas force F, vs. displacement of the piston s.

The change of the absolute pressure in the transient intervals (the zones where the
pressure changes from maximum to minimum and vice versa) follows the polytropic
process described by the following relationship [37]:

pvV"'=C (29)

where p and V are the gas’s pressure and volume, 7 is the polytropic index, and C is a
constant. Using (29), the transient pressure functions are written as:

C1
s™M

C
, P = — (30)

s"2

p1=
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where p; is the function between the maximum and minimum pressures and p, is the
function between the minimum and maximum pressures. The polytropic constants were
determined using (29) and accepted notations in Figure 4a:

c1 = pns™? 31)
In IZT[.
' Insg—In(h, 1 ¢)) (32)
e = ppe™ (33)
In 2L
2= Insp —phln C (4)

In the above equations, sp and sp are the abscises of the points B and D (see Figure 4a).
Accepting for the stroke of the piston value of 1, for the clearance ¢; = h,/100, for the
diameter of the piston D, also a value for the atmospheric pressure pu,, the indicator
diagram determining the force F), as a function of the piston displacement s is plotted in
Figure 4b.

The pump synthesis starts from the load distribution, defined by Equation (13), con-
sidering that the piston gas force depends on the differential pressure p—pat,. When the
piston sucks the gas, the rocker rotates counterclockwise, and thus, the direction of angular
velocity is accepted as positive. The moment of the piston force M, during the suction
stroke according to Equation (13) is presented graphically in Figure 5a. The position angle
of the rocker is assumed to change in the interval ¢ € [—¢;,, ¢i,], and for its zero position
(for ¢ = 0), a horizontal disposition of the arms AO and OF is assumed. The following
notations are accepted: for the stroke of the piston /, for the length of the coupler /, and for
the length of the arm r. The numerical value of the rocker angle for which the piston is in
BDC position is ¢;, = 3.66° and is computed using the equation:

t iy (35)
i, — arctan—
Pin 2r
"Mp, Nm Ms, Nm )
50 4 404
404 35
304
304
20 1
254
10 4
(I) d 204
, deg
T T T T T — 3 i) Iy I 3 3
\3 2 0 i 2 3 b, deg
(@) (b)

Figure 5. Load distribution for the suction stroke: (a) The piston force moment Mp1; (b) Spring force
moment M.



Actuators 2023, 12, 90

11 of 19

Figure 5a shows that at the beginning of the suction stroke during the expansion, the
moment of the piston gas is positive, indicating that for a small interval of ¢ the gas forces
generate a positive driving moment. After the expansion, the moment of the piston gas
forces becomes entirely negative (resistive) and has a relatively small magnitude.

The moment of the piston spring M; as a function of the angle ¢ is shown in Figure 5b.
The graph is obtained using the relation Iy = 0.9[yg — rp sin(—¢;,)|. The moment M,
of the recuperative force is presented in Figure 6a calculated using the numerical values

shown in Table 1 and Iy = 1.20max, Where pmax = [max ]CD. The resulting moment
PEL=Pin,Pin
for the suction stroke is:
Msym = Mpl + Ms + M, (36)
Ml, Nm Ms\m\l, Nm
60+
40
20 404
¢, deg
-3 -2 -1 0 /i 2 3 20
do /]
0 1 2 3
¢, deg
20+
-40

(a) (b)

Figure 6. The moment distribution for the suction stroke in the interval ¢ € [—¢@;;, ¢in]: (a) The
moment M, of the recuperative force I; (b) The resulting moment Mg;;1.

Additionally, its graph is shown in Figure 6b. The shaded negative area between the
graph line and the x-axis shows the potential energy the SMA wire force must overcome.
The shaded positive area indicates that in the corresponding interval of change of angle, the
recuperative moment will drive the rocker without using the SMA wire. From the graph,
one can see that the SMA wire must pull the rocker in the interval ¢ € [@;,, ¢r0] and at
point ¢,y the SMA wire force can be removed.

During the suction stroke, the rocker rotates from its initial position TDC when ¢ = ¢;,
to its final position BDC when ¢ = —¢;,. Figure 7 presents a scaled schematic view of
the layout of the synthesized pump mechanism for the two stable positions. As seen in
Figure 7a, the distance  (see Figure 2) at the beginning of the stroke is maximal, and the
recuperative moment has the maximum absolute value. Because the sign of the moment,
in the beginning, is negative and the rocker rotates counterclockwise, the moment of the
recuperative spring is resistive. The piston spring is maximally stretched at the initial
position, generating a maximal piston spring moment. In Figure 7b, the distance /, changes
its sign, and this is the reason for the positive value of M,. After the change of the sign,
the recuperative moment turns from resistive to driving moment. At BDC, the moment of
the piston spring force is minimal because the piston spring has minimal stretching in this
position.

For the discharge stroke, the moments of the recuperative force and piston spring
force remain the same as shown in Figure 5a,b, respectively. For the discharge stroke, the
moment My, of the gas piston force depends on the indicator diagram (see Figure 4) and is
shown in Figure 8a. One can see that at the beginning of the discharge stroke, the moment
of the piston force is negative for a small interval of the change of angle ¢. This is because
the pressure of the gases decreases during the suction stroke. After the value of ¢ ~ 2.5,
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the piston force moment becomes positive and resists the motion of the piston. Comparing
both piston force moments for the suction and discharge strokes, it is seen that the work
performed by the driving forces is considerably bigger during the discharge stroke. This
work is proportional to the positive area of the piston force moment graph. The graphs of
the three moments My);, Ms, and M, are shown in Figure 8b.

0.10 1 0.10 7
5 5
0.08 A 0.08
0.06 6/ 0.06 6]
1 1
0.04 1 0.04 1
:
0.02 A 0.02
-0.10 -0.05 0 0.05 T =70 ~0.05 0 0.05 0.10
-0.02 1 -0.02 4 2/
-0.04 1 2 -0.04 1
(@) (b)

Figure 7. A scaled skeleton diagram of the pump: (a) Initial TDC position for ¢ = ¢;;; (b) Final BDC
position for ¢ = —¢;;,. The labels of the links are as in Figure 2.

Y1 Mp2, Nm Mp2, M:, Ms, Nm

704

604 M

50 1

40 T T T

304

204

(a) (b)

Figure 8. Distribution of the moments for discharging stroke: (a) The piston force moment M,.
(b) The general layout of the piston moment Mp,, spring moment M; and recuperative spring
moment M,.

Here, it is essential to highlight that owing to the change of the sign of the rocker
angular velocity, the resistive moments would have swapped roles with the driving ones.
The graph of the resulting moment for the discharge stroke is shown in Figure 9.

Msymz = Mp2 + M + M, (37)

Figure 9 indicates that all other loads are resistive except for one short period at the
end of the discharge interval. This contradicts the idea of energy recuperation since the
SMA wires must exert forces throughout all intervals to pump the fluid. To avoid this
disadvantage, the stiffness of the recuperation spring is changed from kr = 900 kN/m
to kg = 2500 kN/m. Using this value, the graphs of the moments for the suction and
discharge strokes are obtained and shown in Figure 10a,b, respectively. Figures 11a and 12b
show the corresponding total moments for the suction and discharge strokes. The analysis
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Mpl

Ms

of both graphs shows that at the beginning of both strokes, there is a resistive load, which
the SMA wire’s forces must overcome. Then, both graphs show areas of loads with positive
work, indicating the movement will be on account of the piston or recuperative spring for
the suction or discharge stroke, respectively. These two areas of different types of driving
forces are evidence of the desired effect of energy recuperation with bistability.

Msumz, Nm
80 -

60 -

40+

20 4

d),2 deg

-20 1

-40 4

Figure 9. Graph of the resulting moment for the discharge stroke.

Mp1, Mr, Ms, Nm Mp2, Mr, Ms, Nm
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-200 -2004
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Figure 10. Comparative view of the moments for a modified recuperative spring with stiffness
kg = 2500 kN/m: (a) The moments M1, M; and M, for the discharge stroke. (b) The moments M,
M and M, for the suction stroke.

To investigate the influence of the SMA wires in their cold state on the loading of the
mechanism and on the existence of a point of instability, their action is considered in the
model. For the discharge SMA wire, the numerical values shown in Table 1 for the distance
rr, the initial angle ¢sp, Young’s modules Ep and E 4 for martensitic and austenitic states,
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respectively, are accepted [1,33,38]. According to (16), the discharge SMA wire length is
calculated as Isp = 0.192 m. Considering (18) and the maximum value of the total moment
in Figure 10, a numerical value for the cross-section of the discharge SMA wire is found
Asp =1.73 x 107% m2. The graph of the cold discharge SMA wire is shown in Figure 12a.
This behaviour of the moment is possible if the SMA discharge wire is entirely cooled and
its entire volume is in the martensitic state.

Msumi, Nm Msune, Nm

100 100

falel
(o
(e

[e)°]

-1004

-2004

(a) (b)

Figure 11. The distribution of the resulting moments for a modified recuperative spring with stiffness
kg = 2500 kN/m: (a) For the discharge stroke. (b) For the suction stroke.
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Mcsmap, Nm
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Figure 12. The influence of the discharge SMA wire on the moment for the discharge stroke: (a) The
graph of the cold SMA discharge wire moment. (b) The graph of the total moment during the suction
stroke considering the moment of the cold SMA.

The graph in Figure 12b shows that the moment of the cold SMA wire, which rotates
the rocker during the discharge stroke, counteracts the piston spring. This means that
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the cold SMA discharge wire increases the load at the end of the suction stroke. The
comparison of graphs in Figures 11a and 12b shows that the cold SMA discharge wire shifts
the instability position (Pjs point) to the right.

By choosing 7y = 0.0625 m, ¢ss = —0.05 rad and using (23) and (24), the following
values for the cross-section area Ags = 1.38 x 10® m?, and length Iss = 0.285 m for the
cold SMA suction wire are calculated. The computed moment of the cold SMA suction
wire is shown in Figure 13a and is added to the moments that act during the suction
stroke. The graph of the total moment is shown in Figure 13b. The comparison between
Figures 11b and 13b shows that the force of the cold SMA suction wire increases the loading
at the beginning of the discharge stroke. The cold SMA suction wire moment shifts the
point of instability to the left.

Msumo+Mcsmas, Nm

Mcsmas, Nm

40
. 1004
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-
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-200+

(a) (b)

Figure 13. The influence of the suction SMA wire on the moment for the suction stroke: (a) The graph
of the cold SMA suction wire moment. (b) The graph of the total moment during the discharge stroke
considering the moment of the cold SMA suction wire.

5. Experimental Study

The idea for the bistable pump studied was inspired by the design of a bistable
valve patented and experimentally studied by the authors, based on the same principle of
operation but different loading of the links [26]. Figure 14a [26] shows a schematic layout of
the bistable fluid valve, while Figure 14b shows the picture of the experimental prototype.
In Figure 14, the following labels are used: pos.1—rocker, pos.2—lever, pos.3—recuperative
spring, pos.4—SMA wires. The valve is triggered between the open and closed positions
on the same principle as the bistable pump—by heating and cooling the SMA wires 4. The
movement is assisted by recuperative spring 3 that accumulates the elastic potential energy.
For this reason, it can be considered that the results of the valve study can be transferred by
analogy to the bistable pump.

To establish the characteristics of the valve opening and closing process, experimental
measurements were performed using a Fastec TS5 high-speed camera with a resolution of
1280 x 1024 and a frame rate of 991 fps. Frames from the high-speed camera are shown in
Figures 14 and 15. The frame in Figure 15a shows the time at which the valve closure was
initiated, and Figure 15b shows the time at which the valve was fully closed.



Actuators 2023, 12, 90

16 of 19

116

(b)

00:03.58 /00:20.97

00:04.04 /00:20.97

Figure 15. Frames corresponding to the valve closing process: (a) beginning of the valve closure;
(b) end of the valve closure.

From the timer of the camera, it is evident that the closing time was
At, = 4.04 —3.58 = 0.46 s. If we ignore the transient in the circuit, we can assume,
as can be seen from Figure 15, that the current is I = 0.39 A and the voltage is U = 2.6 V.
The electric power with which the valve is closed is P = Ul = 0.39 x 2.6 = 1.01 W, the
energy consumed is E = PAt, = 1.01 x 0.46 = 0.47 ]. Similarly, Figure 16 shows the frames
of the initial (Figure 16a,b moments of the valve opening. From the figure, it can be seen
that the electrical parameters are I = 0.39, the voltage is U = 2.7 V and the opening time
is At = 6.58 — 6.03 = 0.55 s. Then, by analogous calculations, it is found that the power is
1.05 W and the energy consumed is 0.57 J.

In conclusion, it can be said that the on-off power for the bistable valve is about 1 W, the
energy consumed is less than 0.6 ], and the frequency of the valveis f = (Af, + At.) 1~ 1Hz
This result for the frequency confirms the known disadvantage of the SMA drive, namely
the low operating frequency. In interpreting the obtained experimental results, it should
be considered that they were achieved without the pump design optimization or optimal
control. They show that the energy expended is low because the SMA wires were only
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switched on at the beginning of the stroke to switch from the bistable position in which the
mechanism was positioned. The movement to the next stable position was then carried out
by the recuperating springs under the influence of the potential energy stored. Another
advantage of the pump concept is that once the SMA wire is heated and the lever system
is switched, the second wire can be heated immediately afterwards, and these return the
mechanism to its initial position. While one wire heats up, the other has enough time to
cool down and this increases the dynamic response of the mechanism. The main challenge
here, the cooling of the SMA wires, can be overcome by using more wire with smaller
cross sections to increase their surface area and this is expected to reduce the temperature
time constant. Furthermore, it is envisaged that in further bistable pump development, the
SMA wires will be placed in a low temperature chamber. The experimental investigation
of the valve proved that SMA wires could be used as actuators in similar devices, and the
recuperative spring can drive the device moving parts independently during a part of the
operating cycle.

00:06.58 /00:20.97

Figure 16. Frames corresponding to the valve opening process: (a) beginning of the valve opening;
(b) end of the valve opening.

6. Conclusions

A new design concept of a bistable reciprocating piston pump with a spring used
to recuperate energy was developed. The bistable action of the pump combined with a
recuperative spring is controlled by small triggering forces applied at the beginning of
the suction and discharge strokes. The triggering forces must act only at the beginning
of the strokes; after that, the energy stored in the recuperative spring drives the pump.
This is essential in order to reduce energy consumption. Shape Memory Alloy wires create
the controlling forces because of their appropriate elastic properties in cold and hot states.
One of the main challenges in this pump’s design is achieving stable end positions despite
the significant non-uniformity of the load in both directions of the piston movement. The
condition for the existence of bistability requires two stable end positions and one unstable
intermediate position of the pump mechanism. The research findings show that achieving
energy recuperation in a bistable reciprocating piston pump with a limited stroke is possible
if a correct choice of the geometric and power characteristics is performed.

The benefits of the developed pump design concept compared to conventional pumps
are expected to be: (1) To be of higher energy efficiency, as it requires actuation only at the
initial moment of the movement, after which the movement is just under the influence
of the potential energy accumulated in the springs; (2) more compact design due to the
small size of the SMA wire and its high power density; (3) silent operation and impact
absorption when the piston stroke ended; (4) the possibility to control the dynamics of
the wire, respectively, of the whole kinematic chain connected to it, with a suitable control
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system; for example, using the Pulse Width Modulation control principle. The results
obtained make it possible to determine the parameters of the SMA wires. In the future, the
bistable mechanism’s geometric and force synthesis results will be used to optimize the
device’s energy cost.
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