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ABSTRACT

This Letter reports a magneto-active pulse pump (MAPP) consisting of a flexible check valve and a magneto-active pipe developed by using
a 3D printing-assistant method. The deformation behavior of the magneto-active pipe is investigated by using the three-dimensional recon-
struction, simulation, and theoretical analysis. The larger deformation under a high magnetic field produces higher driving pressure, and
thus, the MAPP can be used to transfer liquid. It is found that the MAPP responds to the strength and frequency of the magnetic field simul-
taneously and the pumping performance can be analyzed by a magneto-fluid-solid coupling simulation. This work provides guidance for the
design and manufacture of pulse pumps in future heart pump components.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0030055

Inspired by heart valves, lymphatic vessels, and skeletal muscles,
the micropumps, which can help blood circulation by contraction,
received increasing interest in the fluid control field.1 Among these
actuated pumps,2–4 the magnetic driving pump possesses many advan-
tages such as compact structure, great actuation control, remote non-
contact control, and fast response capability.5–7 During the past
decade, most of the effort has been focused on the traditional electro-
magnetic peristaltic pumps,8–11 while the pulse pump is rarely men-
tioned. A certain range of static and alternating magnetic fields have
been proven to be safe in magnetic resonance imaging and magnetic
hyperthermia.12–15 Therefore, owing to the unique pulse pumping per-
formance, the designation of the magneto-active pulse pump (MAPP)
becomes attractive in the biomedical field as the blood pump or heart
pump components. High flexibility, great mechanical property, and
good fatigue endurance are highly required for the actuating pipe in
the electromagnetic pump system. Because of the easy deformation
and rapid response to the magnetic field, magnetic polymers have
attracted extensive attention as actuating pipes, which greatly pro-
moted the development of electromagnetic pumps.11,16,17 The defor-
mation behavior of the soft magneto-active pipe is of great significance
since it plays a key role in the pumping capacity. Upon the external
magnetic field, the generated magnetic force induces the deformation
of the soft magneto-active materials. Although a series of studies have

been conducted on magnetic field-induced deformation,18–22 the
detailed mechanism is still mysterious. The previous reports indicated
that the deformation of the magnetorheological elastomers showed a
high response to the magnetic field due to the strong magnetic car-
bonyl iron (CI) particles in the composite.23 As a result, developing a
high-performance magneto-active composite-based MAPP and inves-
tigating its pulse deformation mechanism are urgently required.

In this study, we revealed the deformation mechanism and
explored the liquid-pumping capability of MAPP based on the magne-
torheological elastomer. The MAPP consisting of a flexible check valve
and a magneto-active pipe was developed by a 3D printing-assistant
method. A three-dimensional scanning system (OKIO ColorScan-400,
Beijing Tianyuan 3D Technology Co., Ltd., China) was used to mea-
sure the collapse deformation of magneto-active pipe. The finite ele-
ment method (COMSOL Multiphysics 5.4) was adopted to simulate
the deformation characteristics of magneto-active pipe and the flow
behavior of MAPP. This work possesses high potential for guiding the
design and manufacture of a smart pulse pump.

Figure 1(a) shows the fabrication processes of MAPP, in which
the ABS pipe mold was developed by the fused deposition modeling
3D printing method and then the magneto-active pipe was formed by
injecting the magnetorheological elastomers precursor into the mold.
The check valve was directly fabricated by 3D jetting technology. After
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connecting the check valve to both ends of the magneto-active pipe,
the MAPP was obtained and the detailed fabrication procedure is
described in Sec. I of the supplementary material. Due to the easy 3D
printing-assistant method, the magneto-active pipe with different cross
section shapes (trilateral, semicircle, and rectangle) could be facilely
constructed. First, the detailed magnetic and mechanic properties of
the magnetorheological elastomers were investigated. The hysteresis
loop [Fig. 1(b)] showed that the residual magnetization and coercivity
were almost zero, which allowed magnetorheological elastomers with
easy changes in the magnetic properties. Meanwhile, the storage mod-
ulus increased with the magnetic field and reached equilibrium when
the magnetic flux density exceeded 300mT, indicating a typical mag-
netorheological behavior [Fig. 1(c)]. Moreover, the tensile stress-strain
curve of material was obtained by using digital images for calibration
to reduce the inaccuracy of results by using the dumbbell shaped
samples.24 The tensile stress-strain curve of the magnetorheological
elastomers demonstrated that this material had an excellent elastic

deformation behavior below the 30% strain [Fig. 1(d)]. In summary,
the magneto-active pipe showed a good magnetic response capability
and an ideal elasticity under small deformation.

The influence of the magnetic field on the deformation of
magneto-active pipe was investigated by a three-dimensional recon-
struction. For details regarding the experimental design, simulation of
the magnetic field distribution, and choice about the cross section of
pipe, refer to Sec. II in the supplementary material. The magnetic
force-dependent deformation of the pipe was directly related to the
magnitude and gradient of the magnetic field. The field strength and
gradient increased with the number of magnets [Figs. S1(d) and
S1(e)]. For convenience, the magnitude of the magnetic field (one-to-
one correspondence between magnitude and the gradient) was used in
the following discussion. As seen in Figs. 2(e)–2(g), upon increasing
the magnetic field from 75 to 145 and 175mT, the deformation
increased significantly in coinciding with the collapse deformation of
the pipe. Figure 2(h) shows DV=V increasing from 2.2% to 62.3%

FIG. 1. (a) Fabrication processes of MAPP. (b) Vibrating sample magnetometer data. (c) The storage modulus vs the magnetic flux density curves. (d) Tensile stress-strain curve.
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with the magnetic field increasing from 75 to 175mT. Obviously,
when the magnetic field changed from 145 to 162mT, the volume
change rate (DV=V) had a sharp increase from 17.4% to 61.3%. Then,
upon further increasing the magnetic field, DV=V remained
unchanged. These results showed that the pipe structure became
unstable when the magnetic force was large enough, and the bending
deformation continuously increased until the upper wall came into
contact with the lower wall.

Furthermore, to optimize the magnetic field-dependent response of
the magneto-active pipe, the deformation under different magnetic fields
was simulated by a finite element method (COMSOL Multiphysics 5.4).
Figures 2(i)–2(k) show the representative deformation simulation result
that corresponded to the experimental result in Figs. 2(e)–2(g).
Obviously, due to the geometric symmetry of the pipe and magnet, the
deformation was also axially symmetric. So the maximum deflection of
the upper wall was in the central axis position. The simulations con-
firmed and quantified the intuitive notion that the deformation increased
with the magnetic field. In addition, the volume change rate was also

calculated. The simulated results of DV=V basically coincided with the
experimental value, which indicated the validity of the simulation model
[Fig. 2(l)]. More importantly, the simulation could not only quantita-
tively describe the deformation but also guide the design and deforma-
tion prediction of different magneto-active pipes.

Herein, the deformation of the magneto-active pipe was also the-
oretically analyzed to better understand the deformation principle. As
shown in Fig. S1(f), the bending deformation of the magneto-active
pipe could be simplified as the deflection of a steel frame fixed at both
ends. The load was the magnetic force between the pipe and the mag-
net. Herein, the rectangular cross section was selected for further anal-
ysis. The magnetic field distribution along the Z direction of the
magnet could be expressed as25

Bz ¼ �K f ½y; a� x; z� þ f ½b� y; a� x; z� þ f ½x; b� y; z�ð

þ f ½a� x; b� y; z� þ f ½b� y; x; z� þ f ½y; x; z�

þ f ½a� x; y; z� þ f ½x; y; z�Þ; (1)

FIG. 2. Deformation analysis. (a)–(c) Three-dimensional shape of pipe with different cross-sectional shapes. (d) The volume change rate of pipe with different cross-sectional
shapes. (e)–(g) Three-dimensional shape of pipe under different magnetic fields. (h) The experiment volume change rate of rectangle pipe under different magnetic fields.
(i)–(k) The deformation simulation corresponding to experiment in Figs. 2(e)–2(g). (l) Experiment and simulation value of the volume change rate. (m)–(o) Experimental and
theoretical deflection curves. (p) The experimental, simulated, and theoretical value of the maximum deflection.
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where f x1; x2; x3½ � ¼ ArcTan x1
x2

x3�cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x12þx22þðx3�cÞ2
p

h i
� ArcTan

x1
x2

x3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x12þx22þx32
p

h i
and a, b, and c are the length, width, and height of

the magnet, respectively. K is a coefficient that could be obtained by
experimentally measuring the magnetic field. The gradient of magnetic
field distribution along the Z direction could be calculated by taking
the partial derivative of Bz,

dBz ¼ @zBz: (2)

When the magnets were arranged in the Z direction (magnetizing
direction), Bz and dBz could be superimposed vectorially. For mag-
netic materials placed in an external magnetic field, the magnetiza-
tion M and the magnetic field H had the following relationship:
M ¼ vmH, where vm is the magnetic susceptibility of materials. The
magnetic flux density B was defined as B ¼ l0 H þMð Þ, where l0 is
the permeability of vacuum. Thus, the magnetization of the magnetic
polymer was

M ¼ ur � 1ð ÞH ¼ ur � 1ð Þ
u0ur

B; (3)

where ur is the relative permeability calculated by ur ¼ 1þ 3øð4þøÞ
4ð1�øÞ

26

and ø is the volume fraction of CI particles. The gravity was ignored
due to the light and thin structure, and so only the magnetic force
between pipe and the magnet was taken into consideration, which was
given as fm ¼ M � rB.27 In order to simplify the calculation, the force
on the sidewall was ignored and the force on the upper wall was sim-
plified to a uniform load along the width direction due to a smaller
change in the magnetic field. Combining the equations mentioned
above, the uniform load q could be calculated as

q ¼ fmld ¼
ld ur � 1ð Þ

u0ur
BzdBz; (4)

where l and d are the length and thickness of pipe, respectively.
Herein, the deformation of the symmetry plane was selected to show
the deformation of all the cross section. Thus, the deflection curve
equation of the structure was obtained by integrating the bending
moment equation,

w Xð Þupperwall ¼
2

Ed2
X4

4
�mX3

2
þm2X2

5
þm3X

20

� �
ur � 1ð Þ
u0ur

BzdBz

(5)

and

w Yð Þsidewall ¼
4 n2Y2 � nY3ð Þ

5Ed2
ur � 1ð Þ
u0ur

BzdBz; (6)

where m and n are the width and height of pipe and E is Young’s
modulus. In addition, the volume change was also obtained by
DV ¼ l ½

Ðm
0 jw Xð ÞjdX � 2

Ð n
0 jw Yð ÞjdY �.

Figures 2(m)–2(o) exhibit the representative experimental and
theoretical deflection curves in the equilibrium state under the mag-
netic field of 75, 145, and 175mT, respectively. The results showed
that the deflection curves were symmetrical and the maximum defor-
mation occurred at the center of the upper wall. Moreover, the theoret-
ical and experimental deflection curves coincided with each other. The
experimental maximum deflection increased from 0.27 to 3.6mm

upon increasing the magnetic field from 75 to 175mT [Fig. 2(p)]. As
expected, the bending deformation increased with the magnetic field.
Consistent with the previous deformation measurement, the structure
instability resulted in the sharp increase of deflection from 1.21 to
3.6mm when the magnetic force reached the critical load. Then, the
deflection remained unchanged as the magnetic field further increased.
The deflection simulation and the experimental results were in good
agreement. However, due to the limitation of the theoretical model,
the deformation after buckling instability could not be obtained by
analytical solutions. Because once buckling instability occurs, the
structure could not continue to bear the load, and the deformation
increased sharply. In the experiment, because the lower wall of the
pipe prevented the further increment of the deformation, the deflec-
tion of the buckling instability in this state was measured. In order to
reduce the error and qualitatively estimate the deflection after instabil-
ity, the magnetic field and gradient magnetic field at the calculated
deflection position would be substituted into formula (4) again to cal-
culate the final deflection. In summary, the simplified model could
quantitatively explain the deformation before instability and was bene-
ficial to predict the deformation properties of the magneto-active pipe
with different geometric parameters.

The magneto-active pipe can be applied in constructing the
MAPP by connecting the check valve to both ends of pipe. An electro-
magnet was used to generate the magnetic field for improving the
actuation efficiency and controllability of the MAPP. The cyclic mag-
netic test was first carried out, which had guidance for applying the
magnetic field in the subsequent pumping experiments (Secs. III and
IV in the supplementary material). Figure 3(a), Multimedia view,
shows the digital image and schematic diagram of the MAPP system.
The breakthrough and backflow pressures of the 3D printed check
valve are shown in Fig. 3(b). The magneto-active pipe was deformed
and collapsed by the magnetic force. Similar to a beating heart driving
blood, the magneto-active pipe generated a driving pressure that
opened the outlet valve and closed the inlet one, pumping the liquid in
it through the check valve. After applying and removing the magnetic
field continuously, the liquid in the inlet was quickly transferred to the
outlet. The influence of the loading period and the magnetic field on
pumping efficiency was studied. Obviously, the larger the magnetic
field, the higher the flow rate of MAPP [Fig. 3(c)]. When the magnetic
fields were changed from 175 to 200mT, the flow rate increased
sharply. It was found that when the magnetic force exceeded the criti-
cal load, the structure became unstable, resulting in a sharp change in
the deformation and flow rate. Moreover, when the magnetic fields
were kept at 150 and 175mT, the flow rate decreased from 4.6 and 7.2
to 2.2 and 3.6ll/s as the frequency increases from 0.2 to 1Hz, respec-
tively [Figs. 3(d)–3(e)]. Due to the slow deformation of the flexible
check valve, partial backflow was generated, which offsets most of
the pumping volume. The opening time of the check valve
increased with the loading frequency and further decreased with
the pumping flow rate. When the magnetic fields were 200 and
225mT, the pumping rate increased significantly from 21.3 and
25.8 to 29.9 and 32.9 lL/s with the increasing frequency, respec-
tively [Figs. 3(f)–3(g)]. This was because the ratio of the backflow
volume to the pumping volume became small, and the loading fre-
quency played a major role at this time. Therefore, the flow rate
was mainly dependent on the magnitude of the magnetic field and
was partly affected by the loading period.
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Furthermore, a finite element model was established to simulate
the magnetic field distribution, Mises stress distribution, and fluid
velocity in the steady state under the current of 3A (Sec. IV in the
supplementary material). Figure 3(h) illustrates that the magnetic field
distribution inside the magneto-active pipe was between 203 and
432mT. The Mises stress distribution of the pipe showed that the
maximum stress occurred at the maximum deflection of the upper
wall and on the edge of pipe [Fig. 3(i)]. The fluid velocity in the flow
direction of the cross section is shown in Fig. 3(j). As expected, the
velocity near the outlet was maximum. This effective simulation model
provided the influence of the magnetic field on the pump perfor-
mance, thereby further guiding the design of the pulse pump. In sum-
mary, the MAPP had easy response capability, good actuation
controllability, and high pump efficiency, as well as good stability
when the pump was stopped working.

In summary, this work reported a MAPP consisting of a flexible
check valve and magneto-active pipe. The deformation behavior and
pump performance of the MAPP were studied via experiment, simula-
tion, and theory analysis. With the increasing magnetic field, the col-
lapse deformation of pipe increased significantly. It generated higher
driving pressure to pump the liquid through the check valve. The flow
rate achieved was 32.9ll/s under a magnetic field of 225mT at the fre-
quency of 1Hz. As a result, the MAPP was demonstrated to have sim-
ple response capability, good actuation controllability, and high pump
efficiency. This work facilitated the development of smart pulse pumps
and their potential application in microfluidics, heart pump compo-
nents, etc.

See the supplementary material for additional experimental
details, deformation characteristic analysis, magnetic field distribution,
response time data, and video of the magneto-active pulse pump.
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