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Abstract
A key challenge for microfluidics is efficient pumping of fluids, which typically requires equipment that is significantly 
larger than the pumped fluid volume. This paper presents a miniature elastomer bellows pumps that can be integrated with 
a microfluidic cartridge. The bellows pump features three-dimensional geometries enabled by additive manufacturing in 
elastomer materials. To explore a large design space and investigate how pump performance depends upon geometry, we 
parameterized the design space, fabricated 146 pumps, and performed detailed characterization of pump mechanical proper-
ties and fluid-pumping performance. Mechanical property measurements of fluid-filled and unfilled pumps showed linear 
elastic (LE) stiffnesses from 0.15 to 6.4 MPa and critical stresses from 0.06 to 1.86 MPa. The pumps can deliver between 
77 µL and 2.4 mL with a single stroke, and pump efficiency is between 54% and 92%, depending on the design. We explore 
the size, shape, and number of bellows features and the relationship between mechanical design parameters and pump per-
formance. We find that the pumped volume mostly depends upon the radius and height of the bellows pump. Some pumps 
buckle under compression which limits the consistency of fluid delivery. The fluid-pumping performance strongly depends 
upon the bellows design and not on the geometry of the connected microchannels into which fluid is pumped. The research 
highlights opportunities for miniaturization and integration of microfluidic pumps, as well as opportunities for microfluidic 
components made from additively manufactured elastomers.
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1  Introduction

A central function in many lab-on-chip applications is the 
pumping of fluid through miniature channels; the pumping 
allows for fluid analytes and reagents to progress from one 
step to the next. The pumping pressure is typically provided 
by an external mechanical pump or by an electric field 
driven by high voltage electronics. Pump miniaturization 
has long been a challenge for microfluidic systems, and in 
general, pumping systems are much larger than the volume 
of pumped fluid, which often results in the size and weight 
of a microfluidic diagnostic system is governed not by the 
microfluidics but instead by the support equipment required. 
This paper reports a concept for a pressure-driven pump 

based on a deformable bellows that can be integrated with a 
microfluidic cartridge.

The two most common approaches for microfluidics 
pumps are electric field-driven pumps and mechanical 
pumps. Electric fields are widely used for fluid pumping in 
microfluidic devices, especially electroosmotic micropumps 
in which the fluid moves relative to a charged surface by 
applying an electrical field (Hossan et al. 2018). The flow 
rate and maximum pressure of the pump can vary based the 
channel diameter and applied voltage and pump configura-
tion, and typical flow rates range from 500 nL/min to 3 mL/
min and typical pressures are between 5 and 200 kPa (Hos-
san et al. 2018). There are many different types of electroos-
mosis pumps including open-channel pumps, packed-col-
umn pumps, porous membrane pumps, and porous monolith 
pumps (Hossan et al. 2018; Lazar and Karger 2002). Each 
configuration differs in the range of flow rates and pumping 
pressures and there are a variety of applications for these 
pumps including electronics cooling, chromatography, and 
flow injection (Borowsky et al. 2008; Brask et al. 2005; Cao 
et al. 2012; Chen et al. 2005, 2014; Gu et al. 2012; Hossan 
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et al. 2018; Lazar et al. 2006; Nie et al. 2007; Razungu-
zwa and Timperman 2004; Shin et al. 2011; Takamura et al. 
2003; Tripp et al. 2004; Yao et al. 2001, 2003; Zeng et al. 
2001, 2002). Other types of electric field-driven pumps 
include electrothermal pumps, induced charge pumps, and 
dielectrophoretic pumps (Lei et al. 2009; Paustian et al. 
2014; Sigurdson et al. 2005). In contrast to microfluidic 
pumping based on electric fields, microfluidic pumps based 
on mechanical pumping are based on an external pres-
sure source such as a syringe or peristaltic pump (Oh et al. 
2012). External pressure-driven pumping systems can pro-
vide advantages over other kinds of pumps such as electric 
field-driven pump in terms or more selectable flow rates and 
pressures through electronics and wide ranges of pumped 
volumes with flow rates from 5 nL/min to 100 s of mL/min. 
There are many applications for pressure-driven microflu-
idics including droplet generation, cell culture, and immu-
noassay analysis (Byun et al. 2014; Kong et al. 2009; Zeng 
et al. 2013). Integrated pressure-driven pumps are typically 
connected to an external pneumatic pressure source to actu-
ate the mechanism in the device (Chou et al. 2001; Grover 
et al. 2003; Kim et al. 2012; Studer et al. 2003). Both elec-
tric field-driven pumps and mechanical pumps require large 
external equipment, in the form of high voltage electronics 
or an electric motor. The size of this external equipment 
mitigates some of the advantages that come with the minia-
turization of microfluidics.

A key innovation enabling the miniaturization of micro-
fluidic pumps was the use of elastomeric materials. Elasto-
mer-based microfluidic pumps may be fabricated from elas-
tomeric poly(dimethylsiloxane) (PDMS) devices to create 
deformable structures that can be actuated with pressure to 
open or close a microchannel (McDonald and Whitesides 
2002; Unger et al. 2000). Elastomeric materials are use-
ful for pumps and valves by providing reversibly deform-
able components that can move when actuated to provide 
mechanical force or to open and close a fluid channel, for 
example in the form of a pressure-actuated diaphragm valve 
in which a thin deformable membrane is assembled between 
two stiffer layers which create a continuous channel. The 
valve can be actuated by changing the pressure to flex the 
membrane and open the channel for flow (Grover et al. 2003; 
Zhang et al. 2009). A common method to use deformable 
valves for pumping is to arrange three valves as a peristaltic 
pump in which a series of wave-like valve actuations are 
used to pump small volumes of fluid (Zhang et al. 2009). 
While there are many publications reporting PDMS micro-
fluidic systems, a common drawback of this approach is the 
relatively narrow range of geometries that can be fabricated 
due to limitations of the molding process. For a part to be 
moldable, it must be possible to remove the part from the 
mold without breaking the part or the mold. Some 3D fea-
tures such as overhangs cannot be fabricated using molding.

Recent advances in additive manufacturing (AM) provide 
new opportunities for the introduction of novel materials 
and geometries for microfluidics that are not possible with 
molding. AM of elastomer materials enables designs that are 
highly deformable without fracture (Herzberger et al. 2019). 
AM elastomers have been applied to a number of biotechnol-
ogy applications such as tissue scaffolds, vascular repair, and 
microfluidic immunoassays (Herzberger et al. 2019; Kuang 
et  al. 2018; Mandrycky et  al. 2016; Murphy and Atala 
2014; Su et al. 2020; Tian et al. 2017). In the case of tissue 
scaffolds, the AM elastomers are hydrogels that function 
as structural support for cells being cultured (Mandrycky 
et al. 2016; Murphy and Atala 2014). For vascular repair, 
the AM elastomer can serve as a shape-memory material 
that conform to a desired 3D shape to reform a broken vas-
cular connection (Kuang et al. 2018). One recent publication 
studied AM of microfluidic components including valves 
and pumps with simple 3D geometries that resemble con-
ventionally pneumatically actuated microfluidic valves and 
pumps (Su et al. 2020). These demonstrations highlight the 
significant opportunities for microfluidic applications based 
on AM elastomers, and the potential to exploit the design 
freedom enabled by AM along with deformable materials.

While there has been significant previous work on micro-
fluidic pumping with molded elastomers, there is a lack of 
publications that investigate microfluidic pumping using AM 
elastomers. This paper reports the engineering design and 
mechanical performance analysis of an AM elastomer bel-
lows pump integrated into a microfluidic system. We explore 
a large design space with 146 unique pump designs that are 
produced and tested for mechanical properties and fluid-
pumping performance.

2 � Device design and measurement

Figure 1 shows the design of the bellows pump. Figure 1a 
shows the three-dimensional (3D) geometry of the bel-
lows pump. The pump is a hollow cylindrical elastomer 
device that can be filled with liquid and then compressed 
to pump liquid into a microfluidic channel. Figure  1b 
shows the cross-section of the hollow device and integra-
tion with a rigid base with embedded microfluidic chan-
nels. Figure 1c shows an uncompressed bellows pump and 
a pump deformed upon compression and Fig. 1d shows a 
cross-section of a liquid-filled bellows pump in the uncom-
pressed and compressed states. When compressed, liquid 
flows out of the bellows, through the bottom hole, and 
into microfluidic channels embedded in the rigid base. The 
elastomer bellows pump and the rigid base are fabricated 
using additive manufacturing which enables novel 3D 
geometries. The 3D shape of sinusoidal sidewalls enables 
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compression and for the rigid base, the 3D shape of the 
microchannels enables bellows integration.

Additive manufacturing enables a wide range of bellows 
geometries. Figure 2 shows the key geometric features and 
range of parameters explored. The features are the radius 
of the pump (R), the height of the pump (H), the ampli-
tude of the bellows (α), and the number of bellows (N). 
We designed 146 unique pumps with design parameters 
shown in the table of Fig. 2. The design values for the 
radius were 4.0, 5.0, 6.0, or 7.0 mm; the design values 
for the amplitude were 0.0, 0.5, 1.0, or 1.5 mm; and the 
design values for the height were 8.0, 12.0, or 16.0 mm. 
The shape of the sidewall was parameterized to have either 
a single concave bellows or convex bellows with 1, 2, or 
3 peaks. The case of α = 0 mm provides a fifth sidewall 
design which is a simple cylinder and is equivalent to 
N = 0. All pumps had a sidewall thickness t = 1.25 mm. 
Figures 2(a–e) show examples of different bellows pumps 
cross-sections with the following parameters: Fig.  2a 
shows a design with R = 5 mm, α = 1 mm, H = 12 mm, and 
N = 2; Fig. 2b shows a design with R = 7 mm, α = 1 mm, 
H = 12 mm, N = 2; Fig. 2c shows a design with R = 5 mm, 
α = 1.5 mm, H = 12 mm, N = 2; Fig. 2d shows a design 
with R = 5 mm, α = 1 mm, H = 8 mm, N = 2; and Fig. 2e 
shows a design with R = 5 mm, α = 1 mm, H = 12 mm, 

N = 3. The individual pumps are identified with a label, 
described in the Supporting Information.

We used an automated, scalable design method to create 
the part designs in Solidworks. The method starts with a 
table of design parameters that specifies the design of each 
part, with four design parameters per pump. Using the Solid-
works design table feature, we automatically generated 146 
individual computer-aided design (CAD) models the param-
eter table. We also designed rigid bases to interface with 
the bellows pumps. The Supplementary Information lists 
all parts and their design parameters. These bases had a cir-
cular housing to fit the bottom of the bellows and integrated 
microfluidic channels to direct the pumped liquid.

The parts were fabricated on a Carbon M2 printer (Car-
bon3D). The bellows material was elastic polyurethane 
(EPU) and the rigid base material was rigid polyurethane 
(RPU). Both EPU and RPU are two-part resins that undergo 
an UV cure during the printing process and a post-printing 
bake to complete the crosslinking (Tumbleston et al. 2015). 
Around 30 parts could be printed at one time, and the print 
time was approximately 30 min. After fabrication, we meas-
ured the dimensions of 25 parts using calipers to check the 
outer radius, wall-thicknesses, and heights to ensure the 
manufacturing was accurate. The measured dimensions of 
the measured parts were all within 5% of CAD dimensions.

Fig. 1   Bellows pump design and concept of operation. a Isometric 
view of additively manufactured elastomer bellows pump. b Cross-
section showing the hollow pump and its integration with a rigid 
base. c Side-by-side views of an uncompressed and compressed 

pump. d Cross-section view of liquid-filled pump. Upon compres-
sion, liquid flows into microfluidic channels embedded in the rigid 
base
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The mechanical response of the bellows parts were meas-
ured under uniaxial compression to mimic the mechanical 
behavior during pumping. The measurements were per-
formed in an Instron ElectroPuls E1000 machine with a 2 kN 
load cell. The parts were first assembled into a rigid base to 
constrain the bottom of the pump and complete the micro-
fluidic device. The devices were mounted with the flat top of 
the pump and the bottom of the rigid base in contact with the 
testing brackets and affixed with double-sided tape to prevent 
lateral motion during the testing. Each part was tested with a 
constant 1 mm/s compression rate over a prescribed distance 
depending on the height of the bellows. For H = 8 mm, the 
compression distance was 5 mm; for H = 12 mm the com-
pression distance was 8 mm; for H = 16 mm, the compres-
sion distance was 11 mm. These strain values approximately 
correspond to densification onset. After testing, the parts 
all returned to 100% of their original shape, confirmed with 
caliper measurements.

Figure 3 shows the rigid base design and Fig. 3a illus-
trates the fluid flow through the pump under compres-
sion. The base is sealed on one size with an adhesive tape, 
(ARSeal 90,880, Adhesive Research), which completes 
the microchannel while the pump–base interface is sealed 
with a UV curable glue (Permabond UV632, Permabond 

Adhesives) (Berger et al. 2021; Ganguli et al. 2020; Lim 
et al. 2022). Figure 3b shows how the bellows pump could be 
integrated into a larger microfluidic system. A compression 
mechanism can push the fluid from the bellows into con-
nected microfluidic channels for downstream microfluidic 
analysis. Figure 3c shows the single straight microchannel 
that receives the pumped liquid in our base design. For some 
experiments, we varied the microchannel width and depth 
to measure the impact of fluid resistance on the mechanical 
properties of the system.

3 � Results

Figure 4 shows the mechanical testing results. Figure 4a 
shows the compression of two different bellows pumps at 
strain 0 to 0.5 mm/mm. Some of the bellows compressed 
smoothly with no buckling (top) while some bellows buck-
led (bottom). Figures 4b and c show measured stress ver-
sus strain for four different pumps varying either radius 
or amplitude. Some tests were performed while the pump 
was filled with water and some tests were performed for 
empty pumps. For the family of curves in Fig. 4b, the design 
parameters are α = 0 mm, H = 16 mm, N = 0 with R = 4.0, 

Fig. 2   Bellows pump design parameters and experiment design. a Bellows pump cross-section showing design parameters: radius R, amplitude 
α, height H, number of bellows N, and thickness T. b–e Variations of bellows cross-section



Microfluidics and Nanofluidics (2023) 27:13	

1 3

Page 5 of 14  13

5.0, 6.0, and 7.0 mm. For the family of curves in Fig. 4c, 
the design parameters are R = 7 mm, H = 16 mm, N = 2 with 
α = 0.0, 0.5, 1.0, and 1.5 mm. Some of the pumps buck-
led while others did not due to differences in the bellows 
geometry. The critical stress for buckling increases with 
radius (Fig. 4b) and decreases with amplitude (Fig. 4c). This 
result is expected, because for a thin-walled cylinder, the 
critical stress is proportional to 1/R so increasing the radius 
(Timoshenko et al. 1961).

Figure 5 shows the linear elastic (LE) stiffness and buck-
ling critical stress for all 146 pumps. LE stiffness is defined 
as the measure of the resistance of the bellows structure 
to deformation under an applied load. LE stiffness is cal-
culated as the slope of the low strain, linear portion of the 
stress–strain curve. Figure 5a shows the LE stiffness as a 
function of bellows radius. Figure 5b shows the LE stiff-
ness plotted as a function of bellows amplitude. Figure 5c 
shows the critical stress as a function the bellow radius. 
Figure 5d shows the critical stress as a function of the bel-
low amplitude. Critical stress is defined by either the stress 
at which the bellows buckled or the stress at 40% strain 
were densification of the bellows was observed. Buckling 
is defined as the stress decreasing to 75% of the maximum 
value observed within 20% strain. The bellows radius had 
the largest impacts on the mechanical properties, there is a 
correlation between increased radius and decreased critical 
stress and LE stiffness.

The number of bellows affects the pump mechanical 
properties. Figure 6 shows the numbers of bellows and 

their effect on critical stress. Figure 6a shows 3D models 
for bellows pumps with each of the N values with the other 
three design parameters held constant. Figure 6b shows 
the experimental data plotted against the bellows radius 
for each bellows pump that buckled, and the theoretical 
critical stress plotted as a function of the bellows radius. 
The theoretical critical stress can be modeled as (Hilburger 
2020)

where σx is critical stress, t is wall thickness, R is pump 
radius, the Poisson ratio is � = 0.5 , and the material Young’s 
Modulus, E = 8.0 MPa (Carbon3D). The correction factor γ 
accounts for the pump geometry departure from an ideal cyl-
inder. Our model assigns a unique value γ of for each value 
of N by using a least squares regression. The measurements 
agree reasonably well with the model predictions, with bet-
ter fits that occur for N = − 1, 0, 1 where there are more data 
points. Predicting buckling from first principles can be chal-
lenging due to the non-linear nature of the buckling process, 
variability in the geometry of the past as made, and non-
ideal mechanical properties (Jiménez et al. 2017; Wagner 
et al. 2020). Nevertheless, the model generally predicts the 
magnitude of the critical stress and its geometry dependence. 
Figure 6c shows the 2D sine wave bellows cross-section for 
each of the four values of N and given the corresponding 
value of γ fit in the model. The Supplementary Information 
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Fig. 3   a Schematic of compression test. b Schematic of bellows pump integration with a microfluidic system. c Bellows base with microchannel, 
showing the hydraulic diameter
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shows additional analysis of the design parameters and their 
effect on the pump mechanical properties.

We investigate the mechanical response of the bellows 
pumps when pumping water into attached microchannels. 
The pump is actuated by force Fapplied, the spring force 
of the bellows that resists deformation is Fbellows, and the 
resistance to fluid flow is Ffluid.. Figure 7a shows a force bal-
ance schematic for the bellows pump compression, where 
Fapplied = Fbellows + Ff luid . We use a conservative estimate of 
Fapplied = 5 N which is approximately equal to the smallest 
maximum force measured for any of the bellows. Ffluid is cal-
culated as Ff luid = R

H
∗ V ∗ A where Rh is the hydrodynamic 

resistance, V is the fluid velocity, and A is the cross-sectional 
area of the microchannel. Figure 7b shows the ratio Fapplied/

Ffluid as a function of the hydraulic diameter of the micro-
channel for different channel lengths, L. The fluid resistance 
Ffluid is negligibly small for a large range of operating con-
ditions. The boxed area in the plot shows that for our work 
the ratio of forces is around 105 which means that the pump 
restoring force is always much larger than the force of the 
fluid resistance. The channel hydraulic diameter would need 
to be smaller than about 4 µm for Ffluid to approach Fapplied.

Next, we measured the pump mechanical response when 
pumping fluid through fluid-filled microchannels of vary-
ing hydraulic diameter. Figure 8 shows the stress–strain 
response of two pumps and five different microchannels with 
different hydraulic diameters (Dh): 0.150, 0.273, 0.5, 0.667, 
0.897 mm. Figure 8a shows the measured stress–strain 

Fig. 4   Compression testing of bellows pumps. a Photographs of two bellows during compression testing. b Measured stress versus strain for 
varying radii of water-filled and unfilled pumps. c Measured stress versus strain for varying amplitudes of water-filled and unfilled pumps
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response for a pump that buckles, 6L20. At low strain, the 
mechanical response is nearly identical for all five micro-
channels. At larger strains, after the pump buckles, there are 
some differences between the responses, with the smallest Dh 
parts showing slightly higher stresses than the larger hydrau-
lic diameter parts. The post-buckling differences are likely 
due to small geometric variations between the pumps which 
can lead to large differences in buckling and post-buckling 
behavior. Figure 8b shows the stress–strain response for a 
pump that did not buckle, 6L23. The pumps have stress val-
ues that are very similar for the range of hydraulic diameters 
considered. Because the mechanical response is insensitive 

to microchannel hydraulic diameter, we conclude that Fapplied 
≈ Fbellows, and the mechanical properties represent only the 
response of the bellows pumps.

Figure 9 shows an experiment to visualize fluid flow 
through microchannels during pumping. We designed and 
fabricated microfluidic devices with long serpentine chan-
nels that have volumetric markings, and that can be eas-
ily monitored during the stress–strain tests. These devices 
were assembled with the bellows pumps. Figure 9a shows 
the experimental procedure, where the liquid-filled pump is 
compressed at a compression rate of 1 mm/s. The experi-
ments were captured by video and times were recorded for 

Fig. 5   Summary of compression test results. a Linear elastic stiffness 
as a function of bellows radius. b Linear elastic stiffness as a function 
of bellows amplitude. c Critical stress as a function of bellows radius. 

d Critical stress as a function of bellows amplitude. Color indicates 
whether the bellows buckled or not
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each of the volume markings. The pumped volume was 
associated with the stress and strain at each time. Figure 9b 
shows the stress versus volume data for five pumps with two 
of the pumps, 5M11 and 6L20, having higher maximum 
stresses than the other 3 Pumps (5L32, 6L23, and 7MI3) and 
have stress maximums located before the maximum pumped 
volume. The curves shown resemble stress–strain curves as 
the pumped volume is approximately equal to the strain. The 
pumps that buckle have a steep increase in stress without 
high volumes being pumped, but once the buckling occurs 
there is a region of decreasing stress where most of the vol-
ume is pumped. For the pumps that do not buckle, the stress 
increases with the pumped volume. For consistent pumping, 
it is desirable to have a smooth curve with relatively low 
stress such as the 6L23 plot, which makes the pumping more 
controllable and requires less input power. Figure 9c shows 
an image of one of the bellows in the test setup, where the 
arrow marks the location along the serpentine microchannel 
that the liquid has filled.

The pump efficiency can be defined as the fraction of liquid 
in the bellows that can be delivered in a single compression. 
Figure 10 shows an experiment to determine the efficiency 
of the 146 pump designs. Figure 10a shows the experimental 

procedure that measures the mass of the empty pump (M1), 
the mass of the liquid-filled pump (M2), and the mass of the 
pump after one compression (M3). The mass of the liquid 
in the pump is the difference between M2 and M1 and the 
mass released by the pump is the difference between M3 and 
M2. Figure 10b shows the pumped mass as a function of the 
held mass M1–M2. The relation between the pumped and 
held mass is generally linear, with the pumped mass in the 
range of 60–100% of the held mass. The pumping efficiency 
is defined as the ratio of pumped volume to held volume, 
shown in Fig. 10c as a function of pumped volume. For some 
applications, high efficiency is desired, because this correlates 
with less wasted liquid. In general, pumps with the highest 
volumes also have the highest efficiencies. The correlation 
between pump size and efficiency is likely due to densifica-
tion of smaller pumps at lower strain.

4 � Discussion

We report a novel bellows pump based on a deformable 3D 
bellows design. We explored a large design space by param-
eterizing the bellows design and measuring the mechanical 

Fig. 6   a CAD models of bellows pumps for N = − 1, 0, 1, 2, 3 with other design parameters held fixed. b Measured critical stress for buckled 
pumps and curve fits. c Sidewall shape and correction factor γ corresponding to the given N 
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response of 146 individual pumps and found that the most 
important design parameters are the pump radius and bel-
lows amplitude. The pumps have LE stiffnesses in the range 
0.15–6.4 MPa, and some bellows buckled with critical stress 
in the range 0.06–1.86 MPa. The parameters that impact on 
buckling are the number of bellows and the bellows ampli-
tude. In general, softer pumps do not buckle compared to 
stiffer pumps that buckle more often. It may be desirable 
to have pumps that do not buckle to provide smooth, lin-
ear liquid delivery. The pump volume ranges from 77 µL to 
2.4 mL and is mostly determined by radius and height, and 
is an approximately linear relation between held volume and 
pumped volume. The range of pumped volume is appropriate 
for many microfluidic applications such as RNA/DNA anal-
ysis, immunoassay tests, sample separation and treatment 
(Berger et al. 2021; Ganguli et al. 2020; Lim et al. 2022; 
Ohno et al. 2008). However, some applications require much 
smaller pumped volumes on the order 10 µL or less such as 
single-cell sorting or droplet generation (Kobel et al. 2010; 
Tan et al. 2006), and bellows pump would require significant 
design modifications to address these applications.

The pump performance compares well with previously 
reported elastomer pumps. Traditional elastomer pumps 

involve a series of pneumatic valves cyclically actuated, and 
typically pump small volumes in the range of a few nL/cycle 
to 10 s of µL/cycle (Grover et al. 2003; Unger et al. 2000; 
Zhang et al. 2009). One recent paper showed an elastomer 
pump driven by an external pneumatic source with a flowrate 
of 100 nl/cycle (Su et al. 2020). In contrast with previous 
publications, the bellows pumps of the present study are sin-
gle actuation pumps rather than continuous flow pumps. For 
a single actuation pump, the pump performance is character-
ized by volumetric efficiency rather than flowrate (Borghi 
et al. 2009; Huang et al. 2020). The bellows pumps have 
efficiency between 53.6 and 91.8%. It is desirable to maxi-
mize the pumping efficiency which minimizes dead volume 
and wasted liquid. The smallest pumps are the least efficient, 
which can be attributed to densification that begins a smaller 

Fig. 7   a Schematic showing the force balance on the bellows pump 
in uniaxial compression. The force applied to the pump is Fapplied, the 
bellows restoring force is Fbellows, and the fluid resistance in the chan-
nels is Ffluid. b Plot of the ratio of Fapplied to Ffluid as a function of the 
hydraulic diameter for three different channel lengths

Fig. 8   Stress vs. strain measurements for one pump design and dif-
ferent hydraulic diameters of the microfluidic exit port. a A pump 
design that buckles. b A pump design that does not buckle
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Fig. 9   Liquid pumping during compression. a Schematic showing the 
procedure for pumped volume visualization starting with a full pump 
that is then compressed to push fluid through a serpentine microchan-

nel. b Measured stress versus pumped volume for five different bel-
lows pumps. c Photograph of one part during testing

Fig. 10   a Schematic for pump efficiency measurement. b Measurements of pumped mass versus held mass. c Pump efficiency for all 146 designs
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strain for small pumps. The densification results from inter-
nal contact of neighbor bellows which future research could 
mitigate with thinner walls or novel 3D designs.

Additive manufacturing offers advantages over molding. 
The current state of the art for elastomer microfluidics is cast 
or molded elastomer silicone (McDonald and Whitesides 
2002; Raj and Chakraborty 2020) because of its excellent 
biocompatibility, ease of fabrication, and mechanical prop-
erty tunability (Kim et al. 2011; Seghir and Arscott 2015). 
However, the molding process places constraints on the 
geometries that can be made. In contrast, additive manufac-
turing enables 3D designs that cannot be molded. Molding 
requires tooling such that any design changes require new 
tooling to be fabricated. Because of these limitations, most 
studies with molded parts consider a small number of device 
designs (Kobel et al. 2010; Schueller et al. 1999). The tool-
less nature of AM enables a large design exploration around 
a given concept, such as the 146 unique designs of the pre-
sent study. Molding can achieve complex 3D designs only 
when using multiple processes steps followed by assembly 
(Iwai et al. 2014, 2011). In contrast, AM enables 3D geom-
etries that cannot be achieved with molding or other tradi-
tional manufacturing methods.

The elastomer bellows pump concept is simple and ver-
satile and could be integrated with microfluidic systems in 
different ways. Figure 11 shows concepts for three different 
actuation mechanisms for fluid pumping using the bellows. 
Figure 11a shows actuation using a finger press to apply 
pressure to pump fluid, Fig. 11b shows actuation by using a 
screw mechanism, and Fig. 11c shows a simple mechanical 
lever to actuate the pump. Such manual actuation mechanics 
could be beneficial for point-of-care diagnostics that require 
simplicity, small weight and size, and low power operation.

The 3D bellows pump may have advantages over other 
types of pumps that may require connections to external 
devices such as mechanical pumps or high voltage sup-
ply electronics (Laser and Santiago 2004; Ni et al. 2014; 
Ren et al. 2016; Wang and Fu 2018; Xu et al. 2020). Our 

integrated pumps require no external connections for actua-
tion and fit within a small form factor not much larger than 
a microfluidic cartridge while weighing less than 5 g. A 
traditional power supply or external pump can weigh 3 kg 
and take up significantly more space than the microfluidic 
device itself. For applications such as point-of-care testing, 
external pumps or electronics with large physical dimensions 
may be prohibitive. Pumping systems that have been minia-
turized for more handheld applications still have a significant 
physical footprint in the range of 1000 s of cubic centimeters 
and weights of 100 s of grams (Li et al. 2014; Tang et al. 
2018). The 3D bellows pump can reduce the size, weight, 
and power requirements for a microfluidic system which 
translates to advantages in portability and cost benefits.

5 � Conclusion

We developed a 3D bellows pump from AM elastomer for 
microfluidics applications. Our design is derived from the 
traditional bellows shape (Grennell 1838; Welchman 1842). 
A total of 146 bellows pumps were designed and tested to 
explore a wide range of parameterized designs. The methods 
developed here could be extended to other pump designs. 
Bellows pumps with the four parameters used here could be 
designed to achieve specific performance requirements, for 
example constraining the pump performance to be less than 
a specified applied force.

There are several opportunities for further research. The 
first opportunity is to explore smaller pumped volumes either 
with physically smaller pumps or by integrating valves that 
allow for precise fluid control. We observed that physically 
smaller pumps have lower efficiencies. To make smaller 
pumps that maintain relatively high efficiency, it may be pos-
sible to reduce the wall thickness of the pumps, which could 
increase the distance between bellows to delay the densifica-
tion. We were not able to make bellows pumps with walls 
thinner than 1 mm, so alternative materials and processes 

Fig. 11   Concepts for integration of elastomer bellows with different methods of actuation a Actuation by applying pressure with a finger b Actu-
ation by screwing mechanism c Actuation by lever
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may need to be. Alternatively, there may be more complex 
3D geometries that enable higher performance. For example, 
topology optimization and origami like folding could create 
designs that have offset folds that delay densification (Cai 
et al. 2015; Hunt and Ario 2005; Xing et al. 2022). Finally, 
further work is required to integrate the pumps with other 
fluidic components such as valves to make it possible to use 
multiple bellows pumps in a single system or a single pump 
with multiple fluids.
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