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Abstract

The advancement of high-power-density electronic devices imposes increasing demands on
liquid cooling technology, in which the performance and size of the micropump are of para-
mount importance. For plate-level integrated applications, micropumps are required to pos-

sess both high performance and ultra-thin characteristics, a requirement that exceeds the cap-
abilities of traditional decoupled hydraulic-electromagnetic designs. However, the transition to

a co-design paradigm introduces new challenges. To address this, this paper proposes hydraulic-
electromagnetic co-design methodology. The core of this method involves managing the dual bid-
irectional constraints—pertaining to both performance and geometric dimensions—between the
hydraulic and electromagnetic components. The design process commences with the determin-
ation of preliminary hydraulic parameters based on the empirical coefficient method, followed
by systematic characteristic matching and multi-round iterative optimization. Through this pro-
cess, a high-performance, feasible design that balances hydraulic efficiency, electromagnetic per-
formance, mechanical constraints, and manufacturability is efficiently identified, rather than pur-
suing a computationally prohibitive global optimum. An ultra-thin plate-level micropump pro-
totype (34 X 34 x 4.9 mm™?) fabricated based on this approach demonstrates a stable output of
100 ml min~! flow rate at 13.05 kPa with merely 1 W power consumption.

1. Introduction

The rapid advancement of technologies such as artificial intelligence, high-performance computing, and
5G/6G communication has led to an exponential increase in the power density of electronic devices [1-
5]. Consequently, thermal management has become a critical bottleneck limiting system performance,
reliability, and longevity. Among various cooling solutions [6—8], liquid cooling is widely regarded as the
necessary path forward for next-generation high-heat-flux chips due to its superior heat removal capacity
[9-11].

The effectiveness of a liquid cooling system hinges on its core driving component—the micropump
[12, 13]. For plate-level integration scenarios, spatial constraints are extremely severe, demanding that
micropumps deliver sufficient hydraulic performance while maintaining an ultra-thin form factor [14,
15]. For a 15 W thermal design power ultra-thin laptop as an example, its chassis thickness is typically
less than 15 mm. Therefore, to maintain the CPU core temperature within the range of 75 °C-85 °C,
the total thickness of the micropump must be controlled within 5 mm, and the planar dimensions
should be less than 40 x 40 mm 2. Additionally, to overcome the flow resistance of the microchannel
cold plate and the ultra-thin heat exchanger, the micropump must provide pressure head above 10 kPa
while sustaining a stable flow rate above 80 ml min~!. Table 1 lists several micropumps with thickness
on the order of 10 mm, which can be broadly categorized into non-mechanical and mechanical pumps.
Non-mechanical pumps are primarily used in microfluidics for applications requiring precise fluid
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Table 1. Several micropumps with a thickness on the order of 10 mm.

Designer Pump type Size (mm?) Flow rate (ml min—") Pressure head (kPa)
Zhou and Amirouche [18] Electromagnetic 20 X 12 x 3.5 0.3196 0.931

Chia et al [19] Thermo-pneumatic peristaltic 16 X 18 X 5 0.0201 0.49

Mousoulis et al [20] Phase-change 14 x 14 x 8 0.0288 28.9

Nguyun et al [21] Electroactive polymer 20X 20 x5 0.76 1.5

Ma et al [22] Piezoelectric 50 x 50 x 12 250 10

Feng and Kim [23] Piezoelectric 13 x 13 x 1.2 0.7 4

Munas et al [24] Piezoelectric 100 X 60 X 5.5 30.72 0.245

control and therefore cannot meet the driving requirements of micro-liquid cooling systems. Mechanical
pumps are mainly divided into two types: reciprocating and rotary. Reciprocating mechanical pumps,
represented by piezoelectric pumps, can drive micro-liquid cooling systems with minimal thickness.
However, their long-term operational reliability needs improvement due to fatigue issues. Conventional
design of motor-driven rotary mechanical pumps [16, 17] typically follows a sequential paradigm: the
hydraulic components (e.g. impeller and volute) are first designed and optimized based on target per-
formance, after which a motor is selected or sized to meet the torque-speed requirements of this pre-
defined hydraulic load. This decoupled approach, while straightforward, inherently limits system-level
optimization. When pushing for extreme form factors—such as sub-10 mm thickness—this paradigm
reaches a bottleneck: the fixed hydraulic geometry severely constrains the electromagnetic design space,
often forcing the motor to operate inefficiently and leading to significant performance compromise.

To break this fundamental limitation, we propose and implement a hydraulic-electromagnetic co-
design paradigm. The core of this approach is to treat the hydraulic and electromagnetic subsystems as a
deeply coupled system from the outset. Their key design parameters are optimized simultaneously, with
the bidirectional constraints—where hydraulic geometry dictates electromagnetic space, and electromag-
netic performance governs hydraulic loading—being explicitly managed as integral parts of the problem.
This allows for the discovery of unconventional design solutions that balance overall performance within
stringent spatial constraints, a task that is intractable under the traditional sequential design framework.
The primary challenge, and the focus of this work, is to systematically model and navigate this complex,
coupled design space.

This paper proposes a hydraulic-electromagnetic co-design methodology for an ultra-thin plate
micropump to address the above challenges. The core of our work lies in systematically handling and
optimizing these dual bidirectional constraints. The design process begins with determining prelimin-
ary hydraulic parameters based on an empirical coefficient method. Subsequently, a parametric match-
ing and iterative optimization workflow is established to screen a wide range of feasible hydraulic and
electromagnetic parameter combinations. Based on this optimized design, we fabricated a prototype of
the ultra-thin plate micropump. Experimental results demonstrate that the prototype achieves expec-
ted hydraulic performance while possessing a minimal thickness, thereby validating the effectiveness and
superiority of the proposed co-design approach.

2. Structure and working principle

Figure 1(a) shows the cross-sectional structure of our ultra-thin plate micropump [20-25]. The pump
cover and pump base together form the pump housing, with their internal cavities constituting the
pump chamber. The stator is located on the external side of the pump housing and connected to the
driver board, while the rotor, combined with the bearing and the impeller blades, forms the impeller.
Differing from conventional designs where power is transmitted via a motor shaft with dynamic seals,
our design features a central shaft fixed to the base. This fixed shaft, along with the bearing mounted
on the rotor, provides radial and axial constraint to the impeller. Static sealing is achieved using sealing
rings placed in capillary groove. Since the pressure inside the pump chamber is only on the order of tens
of kPa, static sealing is sufficient to ensure reliable sealing. To further minimize the overall pump thick-
ness, the inlet and outlet ports are located on the side of the base. From the initial design stage, practical
machining and assembly considerations must be taken into account.

Figures 1(b) and (c) detail the radial and axial constraints of the impeller. The center O; of the
central shaft is fixed relative to the pump chamber. When the center O, of the bearing is offset from
O, by a distance e, the minimum clearance Iy, between the bearing and the shaft occurs along line
0,0;. At this position, the bearing experiences a surface contact pressure Ps from the shaft, which
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Figure 1. Structure of the ultra-thin plate micropump. (a) The cross-sectional structure of the micropump. (b) Radial constraint
diagram of the impeller. (c) Axial constraint diagram of the impeller.

influences its direction of movement. This interaction repeats, forming the radial constraint on the
impeller. The end face of the shaft is designed as a spherical surface to create point contact with the
bearing end face, thereby minimizing the contact area and reducing the rotational resistance imposed
by the shaft on the impeller. For axial constraint, since the motor stator and rotor are placed on oppos-
ite sides of the base, their magnetic centers are not coaxial. This results in a downward magnetic force
Fq on the impeller, as shown in figure 1(c). This force, together with the impeller’s weight G and the
supporting force Fy, from the shaft, constitutes the axial constraint on the impeller. In conventional
designs, the motor and hydraulic components are separated, and shaft support issues are transferred

to the interior of the motor. Axial constraints do not rely on magnetic pull, which substantially differs
from our designed micropump. In practical manufacturing, the magnitude of axial and radial clearance
depends on machining processes and assembly accuracy. Based on the axial and radial constraint struc-
ture we proposed, we employ wear-resistant and corrosion-resistant ceramic shafting to ensure system
reliability after prolonged rotor operation.

Upon energization, the stator generates an alternating magnetic field driven by electrical signals.
The rotor, induced by this field, drives the impeller to rotate, which does work on the fluid entering
the pump chamber, ultimately discharging pressurized fluid from the outlet. To prevent any changes in
pump chamber components due to corrosion, all non-electromagnetic parts are fabricated from plastic,
while all electromagnetic-related components undergo surface treatment. This approach ensures both
precision and corrosion resistance requirements are met.

3. Methods

3.1. Hydraulic design
Due to the distinctive working principle of the vortex pump and the intricate internal flow process, it is
not feasible to achieve both precise and efficient design through a single approach. Hence, we adopted
a combination of the empirical coefficient method [26] and CFD simulation to carry out the hydraulic
design of the vortex pump.

Figure 2(a) shows the specific hydraulic process. First, we need to deduce the performance require-
ments of the micropump based on the needs of liquid cooling system. Subsequently, an initial rotational
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Figure 2. Hydraulic design method. (a) Hydraulic design process. (b) Main parameters of hydraulic model.
speed should be selected, and the specific speed is calculated using the formula provided below:
_ 3.65xmnx \ Q
ng = T (1)

where n represents the actual rotational speed of the pump impeller, Q stands for the output flow rate
of the pump, H indicates the output head. Specific speed is a critical dimensionless parameter in fluid
machinery, used to compare geometrically similar pumps and fans with different operating parameters.
Following this, the empirical coefficient method is employed to calculate the initial hydraulic paramet-
ers, with the key parameters—including the geometric dimensions of the impeller and flow channel—
presented in figure 2(b). The empirical coefficient method is based on a series of pumps with excellent
performance, summarizing empirical formulas that describe the relationship between various coefficients,
whose specific expressions are provided as follows:

,_ 846 [H o)
" n Ve
v=K,u (3)
A=< (4)
mwv

1/4
(i) () ®

where D is impeller outer diameter, v is average liquid velocity, A is flow channel area, b is impeller
width, n represents the actual rotational speed of the pump impeller, Q stands for the output flow rate
of the pump, H indicates the output head, v is the head coefficient, K is the flow channel velocity coef-
ficient, and k is the impeller width coefficient. The value of ¢ typically falls within the range of 0.6-1.4,
where lower values correspond to higher specific speed and higher rotational speed. For the rectangular
flow channel shown in figure 2(b), empirical formulas are as follows:

c=(0.25-0.5)b (6)
d=(0.4-0.6)b (7)
h=(0.9—1.2)b. (8)

Preliminary parameter selection can be based on taking intermediate values within their respective
ranges. The number of blades has a significant impact on pump performance. As the number of blades
increases, the pressure head rises notably, and power consumption also increases slightly. When the
number reaches a certain threshold, pressure head, efficiency and power consumption remain largely
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Figure 3. Hydraulic-electromagnetic co-design content and process. (a) Synergistic relationship between hydraulic and motor
components. (b) Hydraulic-electromagnetic performance matching diagram. (c) Collaborative design process.

unchanged. Further increasing the blade count will lead to higher torque and reduced efficiency.
Typically, the number of blades ranges from 30 to 60. For preliminary selection, we have chosen a blade
count of 41.

Next, we construct a geometric model for hydraulic simulation using the initial hydraulic paramet-
ers and perform CFD calculations. The influence of the shaft on the performance of rotating machinery
is generally minor. Therefore, simulations typically simplify the shaft. If the performance meets the
requirements, the hydraulic parameters are output. Otherwise, the rotational speed is adjusted, and a
new round of calculations is conducted until the performance meets the required specifications.

3.2. Hydraulic-electromagnetic co-design
Following the completion of the hydraulic design, a family of hydraulic parameters that meet the
performance requirements can be obtained. Subsequently, the selection of optimal parameters from
this family necessitates a synergistic design approach integrating hydraulic and motor components.
Figure 3(a) shows a schematic diagram of the co-operative relationship between the hydraulic and motor
components. The stator, rotor and impeller blades must be concentric and rotate together about the
shaft. The rotor is shaped as a hollow cylinder, which can be formed either as an assembly of magnet
segments mounted on a magnetic steel back-iron or as a single-piece bonded magnet ring. The one-
sided clearance between the stator and rotor is called the air gap. The air gap is determined by the wall
thickness and the safety margin reserved for rotor eccentricity. We can tell from figure 3(a) that two crit-
ical dimensions of coupling are identified: performance coupling and geometric coupling. In terms of
performance coupling, the hydraulic and motor components share identical rotational speed and torque
during operation. Regarding geometric coupling, owing to the adoption of a co-planar design combined
with an outer-rotor brushless motor topology, the inner diameter of the impeller is equivalent to the
outer diameter of the motor rotor.

Via CFD simulations and electromagnetic simulations, the torque-rotational speed characteristics
of the hydraulic and motor components are obtained, as presented in figure 3(b). The intersection of
these two characteristic curves corresponds to the design point of the integrated system. If the actual
operating point exceeds this design point, the system will exhibit an increased physical footprint, elev-
ated power consumption, and reduced operational efficiency. Conversely, should the operating point fall
below the design point, performance requirements will not be met, accompanied by diminished effi-
ciency. Strong interactions between parameters are indeed central to the design challenge. For instance,
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a configuration with a smaller impeller diameter and larger blade height may enhance hydraulic effi-
ciency but concurrently reduces the electromagnetic force coupling between the rotor and stator, poten-
tially degrading motor performance. It is precisely due to these complex, competing trade-offs that a
hydraulic-electromagnetic co-design approach is essential to systematically navigate the design space and
prevent sub-optimization in any single domain.

Figure 3(c) illustrates the co-design process. First, the rotational speed is selected based on the per-
formance requirements. Subsequently, the hydraulic design method is employed to derive the motor
specifications and the corresponding hydraulic characteristic parameters. Next, a geometric model for
electromagnetic simulation is established, and electromagnetic simulations are performed to obtain the
electromagnetic characteristic parameters. These hydraulic and electromagnetic parameters undergo
multiple rounds of iterative optimization before it offers a balanced, high-performance outcome that
meets our target specifications. Otherwise, the rotational speed is reselected to ensure the attainment
of optimal parameters. The proposed method fundamentally redefines impeller diameter and magnet
ring diameter. The fundamental constraint of the traditional decoupled design approach lies in conduct-
ing hydraulic and electromagnetic designs within two independent constraint spaces, and each of them
aims for optimal performance within its own domain. For instance, hydraulic design seeks to minimize
the impeller diameter to enhance the pressure head. However, this unilaterally imposes a fixed bound-
ary condition on the electromagnetic design, forcing the motor to operate in an inefficient region. The
optimization process also took into account parameters affecting stator performance. For example, the
thickness of the winding wire must balance the overall performance of the stator windings with the spa-
tial compatibility between the wound stator’s total volume and the stator slots. As this aspect pertains
more to manufacturing processes, it will not be elaborated on further in this paper. Our co-design meth-
odology transforms such fixed constraints into co-optimization variables.

4, Results and discussions

4.1. Modeling validation

To validate the accuracy of the empirical parameter method, geometric modeling of the micropump’s
fluid domain was conducted, as illustrated in figure 4(a). The model comprises the impeller, flow chan-
nel, inlet port, and outlet port. Due to the complex internal structure of the pump, structured grid
generation is challenging; thus, tetrahedral unstructured grids with strong adaptability were employed.
For hydraulic calculations, the sliding mesh technique was adopted, dividing the entire computational
domain into dynamic and static regions. An interface-coupled wall was set between these two regions
to enable numerical data transfer, ensuring computational accuracy. Results of grid generation and

grid independence verification are presented in figure 4(b). The generated grids were imported into
Ansys Fluent for calculations, with the specific numerical solution scheme as follows: The Reynolds-
averaged Navier—Stokes equations were solved, employing the k— turbulence model and no-slip wall
conditions. Second-order upwind schemes were used for discretization to ensure calculation accuracy
of dynamic and turbulent terms. The SIMPLE solver was adopted, with the convergence criterion for
algorithm residuals set to 0.001%. At the inlet, a velocity boundary condition is applied according to
the specified flow rate. The outlet is modeled as an outflow boundary. The pressure head generated by
the pump is calculated as the difference between the area-averaged total pressure at the outlet and that
at the inlet. Under a rotational speed of 6000 rpm, grid counts of 3.69 million, 4.15 million, 5.46 mil-
lion, 6.16 million, 7.60 million, and 8.61 million were tested. It was observed that when the grid count
reached 6.16 million, the calculated head error did not exceed 1%. Consequently, this grid configuration
was selected for all remaining CFD model calculations.

Similarly, figures 4(c) and (d) presents the geometric model and grid independence verification of
electromagnetic simulation, respectively. Electromagnetic simulation model consists of stator core, coil,
impeller, steel magnet and motor housing. The torque-time variation curves in figure 4(d) are compared
for grid numbers of 90 482, 169 861 and 258 204, respectively. It can be seen that the grid number of
90 482 is already relatively accurate, so this grid division method is adopted for subsequent electromag-
netic simulation calculations.

4.2. Simulation results

Following the procedure and methods outlined in sections 3.1 and 3.2, a preliminary hydraulic model
was obtained. The hydraulic-electromagnetic co-design methodology was then applied to perform mul-
tiple iterative matching cycles between the hydraulic and electromagnetic components. In our compu-
tational case study, we performed 20-30 iterations to reach the optimal solution. The actual iteration
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Figure 4. Simulation model and verification of grid independence. (a) Hydraulic geometric model. (b) Validation of CFD grid
independence. (c) Electromagnetic simulation geometric model. (d) Validation of electromagnetic simulation grid independence.

Table 2. Design parameters and results of the original model, optimized range and optimized model.

Model Original Optimized range Optimized
Diameter D2 (mm) 17.66 18 18
Blade width b (mm) 1.1 0.8-1.2 1
Flow channel ¢ (mm) 0.36 0.25-0.6 0.4
Flow channel d (mm) 0.66 0.35-0.7 0.5
Blade height i (mm) 0.65 0.8-1.2 1
Number of blades z 41 30-60 41
Axial clearance ; (mm) 0.1 0.1-0.2 0.1
Radial clearance 6, (mm) 0.1 0.1-0.2 0.1
Baffle tongue angle 6 (°) 80 80 80
Rotor outer diameter r, (mm) 15.76 D2-2h-0.6 15.4
Rotor inner diameter r; (mm) 13.4 — 13.2
Stator outer diameter s, (mm) 12.6 rr-29, -0.6 12.4
Stator inner diameter s; (mm) 5.4 5.4 5.4
Bearing outer diameter (mm) 4 4 4
Rotational speed (rpm) 6000 4000-7000 6000
Torque (mN * m) 0.84 — 0.77
Flow rate (ml min—!) 100 — 100
Pressure head (kPa) 11.5 — 15.01
Hydraulic efficiency (%) 3.63 — 5.17
Motor efficiency (%) 0.38 —_ 0.45
Pump efficiency (%) 1.38 — 2.33

count depends on the selected empirical coefficients. These coefficients need fine-tuning for different
operating conditions. Therefore, when the performance requirements for the micropump change, the
number of iterations will also vary. The design parameters and simulation results of the original model,
optimized range and optimized model are listed in table 2. In common engineering design, parameters
are typically rounded to integers for manufacturing considerations. Therefore, during the optimization
process, we manually rounded each parameter to its nearest integer.
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The original design parameters had yielded relatively excellent performance, with operating charac-
teristics already quite close to the target. Further optimization only requires fine-tuning of parameters
within a small range. The number of blades z ranges from 30 to 60. Results show that as the blade count
increases, the pressure head and efficiency improve slightly, while torque increases accordingly. The effi-
ciency gain is more significant between 30 and 40 blades, becoming gradual from 40 to 60. Given that
a higher blade count increases manufacturing difficulty and to avoid resonance with the blade pass fre-
quency and its harmonics, 41 blades were selected as the optimal number. Keeping other parameters
constant, the axial clearance 0, and radial clearance J, were varied independently within 0.1-0.2 mm
range. The simulations revealed the increasing clearance leads to a sharp decline in both pressure head
and hydraulic efficiency. Therefore, the clearance should be minimized to the lowest value permissible
by manufacturing and assembly tolerances, and this leads to selection of 0.1 mm as the optimal clear-
ance. Blade width b, Blade height h, Flow channel ¢ and Flow channel d are the key factors determin-
ing the performance. These four parameters exhibit a certain degree of coupling. Studying this complex
interdependence through single-parameter analysis is challenging, because it requires iterative optimiza-
tion based on the influence relationships of individual parameters. Since blade parameters have greater
impact on performance, the iteration should prioritize blade parameters. The other parameters can be
studied by establishing proportional relationships with blade parameters. To maintain the strength of
structural components, the minimum wall thickness is set at 0.3 mm. Consequently, the following rela-
tionships are established: the rotor outer diameter ro and Diameter D2 are related by r, = D2-2h-0.6.
The stator outer diameter so and rotor inner diameter r; are related by s, = rr-29,-0.6. The bearing
outer diameter adopts 4 mm specification, which is common in ultra-thin fans.

The results show that the optimized model demonstrates superior performance along with improved
efficiency. Although the optimized structure appears to differ only slightly from the pre-optimized ver-
sion, it is worth noting that significant dimensional reduction is challenging to achieve when the struc-
ture is already very thin. The optimization results confirm that our method effectively achieves the goal
of co-design. Moreover, our methodological framework is scalable to thicknesses of 5 mm and 3 mm
based on the proposed method. For even smaller dimensions, limited by machining and assembly preci-
sion, we believe that the micropump structure we designed may not have a performance advantage over
other types of pumps (such as piezoelectric pumps). However, the method itself still holds certain guid-
ing significance.

Subsequently, an analysis of the pressure and velocity fields before and after optimization was con-
ducted. Figure 5 presents the pressure and velocity fields on the cross-sectional plane of the impeller for
both cases, with the impeller rotating clockwise as indicated. Specifically, figures 5(a) and (c) display the
pressure and velocity fields of the initial design, while figures 5(b) and (d) correspond to the optimized
design. The pressure field distribution shows that the fluid pressure gradually increases from the inlet
to the outlet as work is imparted by the rotating blades. A rapid pressure drop is observed within the
tongue region from the outlet back towards the inlet. A comparative analysis of figures 5(a) and (b)
reveals that the pressure rise along the flow path is slower in the initial design compared to the optim-
ized one, where the pressure increases more rapidly. Comparing figures 5(c) and (d), the average fluid
velocity within the flow passages is significantly higher in the optimized structure. In the initial design,
the slower velocity at the outlet results in less intense fluid-wall interaction after the fluid leaves the
impeller, leading to relatively lower losses. However, the optimized structure imparts more energy to the
fluid. The overall performance gain from this increased energy transfer outweighs the associated losses,
resulting in enhanced performance and efficiency.

Figure 6 shows the matching curves between the electromagnetic driver and the hydraulic compon-
ents. Figure 6(a) depicts the torque-speed matching curve. It can be observed that the torque required by
the hydraulic components increases with rotational speed, while the torque provided by the electromag-
netic driver gradually decreases. The two curves intersect at a speed slightly above 6000 rpm, a point
designed with a 10% engineering margin to ensure that the driver’s output torque adequately meets
the hydraulic demand at the target operating speed of 6000 rpm. Figure 6(b) presents the efficiency-
speed curves for both the hydraulic and electromagnetic components. The efficiency of both compon-
ents initially increases and then decreases with rising speed. Through the adjustment method described
in section 3.2, the peak efficiency points of both components were aligned at the target operating point
(6000 rpm).

4.3. Experimental results

Figure 7(a) illustrates the schematic of the flow loop used to evaluate the hydraulic performance of the

micropump. In this system, the pump draws fluid from a water tank, and the flow rate is measured by

a flow meter. The fluid is then returned to the water tank, completing a closed cycle. Pipeline resistance
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Figure 5. Comparison of the hydraulic model before and after optimization. (a) Original pressure distribution. (b) Optimized
pressure distribution. (c) Original velocity distribution. (d) Optimized velocity distribution.
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Figure 6. The matching curve of hydraulic and electromagnetic. (a) The matching curve of torque-rotational speed. (b) The
matching curve of efficiency-rotational speed.

is adjusted by a valve, allowing the pump to be tested under various flow conditions. The pressure head
generated by the pump is accurately measured by a differential pressure gauge connected to its inlet and
outlet.

Figure 7(b) shows a photograph of the experimental setup, which includes two DC power supplies
(one for driving micropump, the other for driving flowmeter), a micropump controller, and the flow
metering system. The testing procedure was as follows: First, the micropump was installed in the test
loop, ensuring the correct flow direction. After filling the water tank with purified water, the system
was thoroughly purged of air to ensure complete priming—a crucial step as the vortex pump impeller
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Figure 7. Experimental setup. (a) Flow loop schematic of experimental system. (b) Physical diagram of the hydraulic performance
test. (c) The relative position of the driver board in the micropump. (d) The physical diagram of the driver board.
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Figure 8. Experimental results. A comparison of the prototype and 1-yuan coin-shape object in the (a) horizontal direction and
(b) thickness direction. (c) P-Q results comparison between simulation and experiment.

lacks self-priming capability. The non-self-priming characteristic of the micropump may lead to vari-
ous reliability issues. For example, excessive pre-fill loss could cause the rotor to idle, subsequently para-
lyzing the entire liquid cooling loop. Therefore, to prevent such occurrences, corresponding measures
must be taken to eliminate pre-fill loss. For system-integrated applications, priming failure is mitigated
through system-level design measures. The fluid loop is vacuum filled during manufacturing, the pump
is placed at the lowest point of the loop, and a venting mechanism is incorporated at the high point to
exhaust any trapped gas. In experimental setups, prior to operation, the inlet tube is immersed in the
water tank, and a syringe is used to draw water repeatedly from the outlet until the entire fluid circuit is
fully liquid-filled. The driver board is integrated in the area shown in figure 7(c). Apart from the leads,
the rest of the PCB does not extend beyond the micropump’s volume. Figure 7(d) is a photograph of
the driver board, where U, V, and W are soldered to the three leads of the stator winding. Contacts 1, 2,
3, and 4 correspond to the FG signal output line, PWM speed-control line, positive terminal, and negat-
ive terminal, respectively. With the power supply set to 6 V, the system was activated. The valve was then
adjusted to vary the flow rate, and the corresponding head and flow rate data at each operating point
were recorded.
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Table 3. Hydraulic performance test of the micropump.

Flow rate Pressure head Voltage Current Power consumption

mlmin~! kPa A A W
178 0 6.01 0.155 0.931 55
162.2 3.15 6.01 0.156 0.937 56
153.9 4.63 6.01 0.156 0.937 56
144.5 6.23 6.01 0.158 0.949 58
126 9.18 6.01 0.159 0.955 59
101.6 13.05 6.01 0.161 0.967 61
83.5 15.50 6.01 0.163 0.979 63
42.1 20.85 6.01 0.166 0.997 66
0 25.70 6.01 0.17 1.0217

Figure 8 presents the fabricated prototype of our micropump and a comparison of its performance
with simulation results. Figures 8(a) and (b) provide top and side views, respectively, of the prototype
alongside a Chinese 1-yuan coin-shape object (25 mm diameter, 1.85 mm thickness) for size reference.
The overall dimensions of the prototype are 34 mm x 34 mm x 4.9 mm (excluding the protruding
tube length). Table 3 shows the hydraulic performance test results of our micropump. Figure 8(c) shows
simulation and experiment results at a rotational speed of 6000 rpm. The simulation predicts a max-
imum flow rate of 190 ml min~! and a maximum head (at shut-off) of 27.8 kPa. The experimentally
measured values are 178 ml min—! and 25.7 kPa, respectively. At a flow rate of 100 ml min~!, the sim-
ulated and measured heads are 15.01 kPa and 13.05 kPa and indicative power consumption is 0.97 W.
Meanwhile, the noise level at 0.3 m from the micropump is 24.8 dBA, which is significantly lower than
the fan noise of traditional ultra-thin laptops operating under full load (>30 dBA). Although the exper-
imental values are slightly lower than the simulations across all operating points, the close parallelism
of the two curves indicates that the simulation model accurately captures the performance trends of the
micropump.

5. Conclusions

This study successfully developed an ultra-thin plate micropump for plate-level liquid cooling of high-
power-density electronic devices. By introducing a novel hydraulic-electromagnetic co-design paradigm,
the core challenge of dual bidirectional constraints between the hydraulic and electromagnetic com-
ponents in both performance and geometric dimensions was overcome. The fabricated prototype, with
a compact form factor of 34 mm x 34 mm x 4.9 mm, demonstrates superior hydraulic performance
while maintaining an ultra-thin profile. The close agreement between experimental and simulation res-
ults validates the effectiveness and superiority of the co-design approach in achieving the synergistic
optimization of high performance and miniaturization in micropumps, offering a new direction for
next-generation micropump development.
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