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Abstract: This study focuses on advancing sweat management in clothing using low-current operating
textile electroosmotic pumps, which could be beneficial for microenvironments with restricted
ventilation, such as the one between the skin and protective wear. These systems, employing silver–
copper fabric electrodes, a polycarbonate membrane with microchannels, and an adhesive web,
enabled directed liquid transport. The critical role of the adhesive layer preparation is emphasized,
often overlooked in previous research. Various adhesive perforations were tested for their impact on
the flow under current action, both with and against gravity. Specific adhesive application techniques
are proposed, found to significantly influence the flow rate and textile assembly cohesion. The
custom setup yielded flow rates of up to 8.8 ± 0.08 mg min−1 cm−2, suitable for diverse human
sweat rates. Optimization hinges on the delicate balance between binding and the active surface
areas of the adhesive.

Keywords: electroosmotic pumps; textile electrodes; sweat management; active moisture transport;
protective clothing

1. Introduction

Textile electroosmotic pumps are textile systems that have been explored for the di-
rected transport of liquids, relying on the electroosmotic phenomenon under low current
action. Such systems are especially interesting for sweat management where ventilation and
evaporation are restricted, such as in protective wear. Electroosmosis is an electrokinetic
phenomenon that causes the movement of liquids through electrically charged surfaces,
such as in the capillary walls or pores in microporous membranes, due to the presence of an
electrical field [1,2]. When the microchannel walls of certain materials come in contact with
a liquid, they can carry electrostatic charges, forming a double electrical layer (diffuse and
compact layers), which can be dragged in a specific direction when there is an electrochem-
ical potential difference across the microchannel. Electroosmosis can be passive, involving
an intrinsic electroosmotic potential, or active, initiated by introducing an external potential
difference. In the development of electroosmotic pumps, crucial components include a mi-
croporous material with microchannel walls capable of carrying electrostatic charges, and
electrodes to create a potential difference across the membrane. Research has emphasized
the importance of the thickness and diameter of the microchannels in achieving a short
distance between the electrodes, essential for creating a strong electrical field to maximize
the flow [1,3]. As electrodes, both conductive textiles and conductive thin films directly ap-
plied over the membrane using different deposition techniques have been explored [1–12].
Textiles offer the advantages of flexibility, breathability, and other wearability requirements,
and can be metalized, made of conductive polymers, or a combination of both, each having
its own set of pros and cons in the specific application.
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This study concerns the development of textile electroosmotic pumps for sweat re-
moval using silver–copper fabric combinations as electrodes, a polycarbonate membrane
with microchannels to initiate the directional electroosmotic effect, and an adhesive web
to join the layers together. The adhesive that binds the pump layers and its influence on
the pump performance is highlighted in this research, since previous studies which used
textiles as electrodes for an electroosmotic pump have not presented details on this step of
the pump preparation.

2. Materials and Methods
2.1. Materials

As a microporous membrane, an ipPORETM track-etched hydrophilic polycarbonate
(PC) membrane was obtained from it4ip S.A., Belgium. The conductive textile materials
used as electrodes were obtained from Shieldex (Bremen, Germany). The adhesive layer
was bought from www.destoffenkamer.be (accessed on 1 December 2022). The materials
given in Appendix A, Table A1 have been used for creating each pump configuration.
Four different adhesive configurations, designed in Inkscape, were laser-cut to create open
areas for the liquid, which are presented in Table 1. The textile electrode materials and
adhesive web were laser-cut into a circular shape (d = 40 mm), while the PC membrane
was purchased in a circular shape with a diameter of 47 mm. Figure 1a shows the assembly
of the layers forming the textile pump, and in Figure 1b, a step of the binding procedure is
given, while more details are given in Appendix B.

Table 1. Adhesive configurations and resulting surface area available for fluid transport.

Sample Code Code Meaning Perforated
Shapes

Total Surface
Area (cm2) *

Active Surface
Area ** (cm2)

REC Rectangle
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2.2. Flow Test Setup in the Direction of Gravity

A test with a custom setup was conducted to determine the mass of fluid passing per
unit of time under current and gravity action. The custom setup is given in Figure 2, while
the test parameters are given in Appendix A, Table A2. The samples were clamped with
the cathode facing downward; a deionized water–NaCl solution served as an electrolyte
to simulate sweat and was mounted for continuous dripping over the samples. Prior to
the voltage activation, the application of 1 mL of solution over the top (copper) electrode
surface ensured that the top surface was wetted. The electrodes were connected to a DC
power source and tested under a constant current, which was reached soon after activation,
accompanied by a voltage drop. For 45 min, at each minute interval, the current, voltage,
and mass of the flow collected on a glass plate below the clamped sample were monitored.
A control sample was tested to check the influence of gravity on the resulting flow with
no current.
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2.3. Flow Test Setup in the Direction against Gravity

This evaluation was necessary to further understand the potential impact of gravity
on the flow and the capability of the pumps to oppose gravitational forces. The sample was
positioned with the copper (anode) side in contact with the NaCl droplets, while the silver
(outer) side faced the air, upward. Both electrodes were connected to a DC voltage source.
The current was not constant in this setup since the droplets did not fully cover the active
surface area. A control test was undertaken without current to compare the results.

3. Results
3.1. Flow Test in the Direction of Gravity

The flow onset times and flow rate values are presented, calculated based on the
data from the time of the flow onset on the other side of the pump to the end of the test.
Normalized flow rate values (per cm2) were obtained by dividing the calculated flow rate
(based on linear regression) by the surface area of the clamped pumps accessible to be
covered by the liquid solution. The relationship between the active surface area created by
the adhesive configuration and the resulting flow rate and the time of flow onset is better
presented in Figure 3a, while the flow rate slopes of each pump configuration are shown in
Figure 4.

The onset flow time is the observed time when the liquid solution begins to flow
through the other side of the pump and it needs to be minimized. The relation between
the resulting active surface area and the time of flow onset is shown in Figure 3a. The
configuration with the lowest active surface area of 2.91 cm2 has the slowest flow onset, but
a larger increase in surface area may not necessarily result in a faster onset time, as REC
shows values comparable to CIR Optimized and CON.

The shape and size of the perforations might influence the onset time and larger
perforations can lead to a faster longitudinal spread of liquid. The binding area of the
adhesive and its interconnection plays a role in the pump performance. CON, despite
having a high active surface area, showed the lowest flow rate, which could be related to
the occurrence of air gaps due to its large perforated areas, as visible in Figure 3c. The
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presence of air gaps could hinder the establishment of a high electric field, crucial for the
initiation of electroosmotic flow.
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Figure 4. Flow rate slope characteristics per pump configuration. The blue lines on the graph depict
the linearized flow rate, while the blue dots represent the actual mass of flow per minute.

A significant increase in the active surface area, as seen from Figures 3a and 4, leads to
a corresponding increase in the flow rate, since more pathways for fluid flow are provided.
CIR Optimized, with a maximized interconnection of the adhesive layers and the largest
active surface area, resulted in greater flow rate values compared to the other configurations.

The continuity of the flow rate slopes can be observed for each sample in Figure 4.
The slope of CON displays occasional discontinuity over the testing duration, which could
be related to the air gaps created by the large adhesive perforations. In contrast, the other
configurations exhibit a consistent and uninterrupted flow rate with a linear increase in
time (from the onset time onward).
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During the test, it was observed that wetting of the outer surface of the pump begins
much sooner before a drop actually falls down, which means that the liquid is being
transported but tends to stick to the outer surface. The contact angle of the outer silver
electrode measures 87.11◦ (Appendix A, Table A1), which is in close proximity to the
90◦ threshold that distinguishes hydrophilic from hydrophobic surfaces [7,13]. This may
suggest the need to enhance the hydrophobicity of the outer surface to expedite the onset
time in further studies [2].

3.2. Influence of Gravity on Flow

It was important to check the influence of gravity on flow in order to avoid false
conclusions. In the “Against Gravity” test shown in Figure 5, an experiment was conducted
to observe the upward flow of a 1 mL droplet of 0.01 NaCl water solution in the electroos-
motic pump, specifically Circular Optimized, under a starting voltage of 6 V. It was noted
that reverse flow occurred in the first 2–3 min of the test, indicated by the wetting of the
silver electrode surface which continued to spread over the course of 10 min. The control
sample without current action showed no wetting after 15 min. This suggests that the
electroosmotic effect plays a significant role in the flow even when gravity acts against it.
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4. Conclusions and Future Work

This study aimed to develop textile electroosmotic pumps for managing sweat in
protective clothing, especially in situations where evaporation is restricted. The study
achieved flow rates of up to 8.8 ± 0.08 mg min−1 cm−2, comparable to a previous study
on protective clothing with a flow rate of 7.8 mg min−1 cm−2. The electroosmotic effect
on facilitating flow, even against gravity, was confirmed, underscoring the critical role
of current action in initiating flow. When adhesive binding is used to join the pump
components, a careful design is essential to achieve a balance between the number, shape,
size, and interconnection of the perforated openings through which the flow can pass. These
factors directly influence the resulting flow rate and onset time. Future research avenues
may explore the use of a pulsating current, which could potentially reduce rapid oxidation
and power consumption. Additionally, increasing the pump’s wettability gradient could
promote flow transport.
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Appendix A

Table A1. Materials used for the textile electroosmotic pumps.

Material Name Function in the
Electroosmotic Pump

Composition
and Structure

Weight
(g/m2)

Thickness
(mm)

Surface
Resistance

(Ω/sq)

Average
Surface
Contact

Angle (◦)

Shieldex® Kiel
+ 30

Top electrode
(anode), thermally and
electrically conductive.

Spun-bonded non-woven
100% Polyamide
Nylon 6.6.
Metal-plated with pure
copper (48.65%).

100 0.12 <0.02 73.65

Shieldex® Basel

Bottom electrode
(cathode),
thermally
and electrically
conductive.

Spun-bonded non-woven
100% Polyamide Nylon 6.6.
Silver-coated, PA/Ag
(75%/25%).

38 0.25 <1 87.11

ipPORETM

track-etched PC
membrane

A microporous PC
membrane with
perpendicular
microchannels
between electrodes is
needed to carry
electrostatic charges
between electrodes.

Hydrophilic microporous
membrane with pore size
of 0.0004 mm, porosity of
18.8%, and membrane
diameter of 47 mm.

/ 0.025 infinite /

Vliesofix®

Bondaweb 719

Adhesive web to bind
the electrodes and
membrane together.

100% PA 70 / infinite /

Table A2. Testing parameters for the flow test under gravity and current action for each electroosmotic
pump configuration.

Sample Code Initial Voltage
(V)

Limiting
Current (A)

NaCl-Water
Solution

(M)

Set Flow Rate
of Solution

(mL/h)

Initial
NaCl

Solution Drop
* (mL)

Testing Time
(min)

REC 6 0.130 0.01 15 1 45
CON 6 0.130 0.01 15 1 45
CIR 6 0.130 0.01 15 1 45

CIR Optimized 6 0.150 0.01 15 1 45

* Drop of NaCl solution used for wetting the top electrode surface before starting the test and voltage activation.

Appendix B

Appendix B.1 Assembly of the Electroosmotic Pumps—Binding Procedure

The layers of the electroosmotic pumps were laminated together using a heat press
machine with an optimal heat press procedure determined at 13C for 16 s. First, each
textile electrode was individually heat-pressed with an adhesive layer under the specified
conditions. Subsequently, the protective paper on the non-bonded side of the adhesive was
removed. Following this, both electrodes were joined with the PC membrane in between,
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and the heat press procedure was repeated. Careful attention was given to placing the
non-bonded adhesive side of the textile electrodes over each side of the PC membrane. In
total, the heat-pressing process was repeated three times to create each pump configuration.
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