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Actuation of space robots poses significant challenges in ensuring operation in
vacuum. Conventional electromagnetic technologies face inherent limitations
due to heat dissipation and difficulties in lubrication, whereas recent electro-
static alternatives, such as dielectric elastomer actuators struggle to reach
their potential due to low reliability and lack of space compatible materials.
Here, we introduce a class of electrostatic actuators that leverage the dielectric
properties of the vacuum environment and turn it from a limiting factor into a
key enabler. These devices rely on dielectric/conductive multilayer thin-film
polymeric structures that enclose vacuum gaps, which unimpededly change in

volume upon electrical activation, enabling zipping-like motions and gen-
erating actuation. Specifically, we demonstrate 0.7 g actuators delivering
millimeter-range strokes, forces over 4 N, > 100 Hz bandwidth, and peak
power-to-mass ratios of 1.4 kW kg~1. Made from standard space polymers, they
enable stackable, power-dense direct-drive actuation in vacuum environ-
ments, offering a promising solution for future space applications.

Space endeavours are imperative to the technological, scientific, and
social flourishing of humankind. Their advancement heavily relies on
inherently complex mechatronic systems designed to overcome
extraordinary environmental and logistical limitations'. Actuation,
either autonomous or remotely operated, is one of the main criti-
calities of such systems. It must execute diverse, yet often highly
specialized tasks, such as operating deployable structures and space-
craft appendages’, engaging optical instruments®, operating launch
lock and release mechanisms®*, spacecraft control systems’, enabling
on-orbit servicing strategies® and exploratory robots on celestial
bodies— through robot locomotion, sample retrieval, manipulation,
and analysis”®. Typical spacecraft components must operate efficiently
at extreme temperatures (typically -60 to +95 °C)° and low pressures
with minimal outgassing, be resistant to ionizing radiation and
corrosion'®, withstand shocks during launch", and in particular cases,
cope with dust accumulation on planetary missions or provide high
accuracy for communication or optical instruments.

For many such tasks, space missions typically employ electro-
magnetic actuators, often stepper or brushless DC motors™", due to
proven reliability, sturdiness, good performance in terms of accuracy,
repeatability, and lifetime. Nevertheless, for efficient force/torque
delivery, these are equipped with mechanical transmissions, which
significantly increase mass, volume, complexity, cost, and demand
lubrication’"*™*, This adds the need for thermal regulation solutions,
either to heat up the system to avoid freezing of the lubricants at low
temperatures, e.g., for missions on the dark side of the Moon or in
deep space®, or to cool it down to avoid overheating due to the lack of
convection in vacuum, which can lead to catastrophic failures through
mechanical seizing, short-circuits or even loss of magnetization®.
Furthermore, the electromagnetic drives lose efficiency at lower
dimensional scales (several centimetres and below)'®, making them
less suitable for many recent efforts in the miniaturization of space
technologies, such as the smallsats, where both the available space and
power are highly limited".
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Smart material actuators are possible alternatives that can tackle
such challenges through lower complexity and costs, dimensional
scalability, efficiency and power density'®. Among these, piezoelectric
actuators are space-qualified and often serve in applications where
high resolution and precision and/or high response speeds are
required, such as fine-tuning optical instrumentation, active vibration
damping, or engaging release mechanisms>”'**2, However, piezo-
electric actuators are limited by very low actuation strains, typically
well under one percent>*, Shape memory materials (SMMs), on the
other hand, achieve high strains, but with reduced strain rates and
short lifespan. Although SMMs can be relevant for slow dynamics
applications, such as low-shock release and latching mechanisms*,
deployable” or shape morphing structures®, their thermal control is
difficult in environments with extreme temperature fluctuations.

In this context, electrostatic actuation can be a groundbreaking
technology, as it provides large strokes within wide frequency ranges,
low power consumption, a lightweight structure, virtually unaffected
by temperature variations, and lacks friction and its associated heat
and lubrication challenges”. On Earth, variable capacitance actuators
employing air as the dielectric have traditionally been confined to
small-scale applications, such as microelectromechanical systems for
sensing applications or for submillimetre scale position tuning. At
larger scales, higher dielectric strength materials must be utilized
instead of air, because its breakdown strength is a function of the
dimensional scale (Paschen’s law), with microscopic air gaps sustaining
orders of magnitude higher electric fields than macroscopic ones. This
prompted the development of dielectric elastomer actuators (DEAs),
which employ the electrostatic deformation of soft elastomeric
membranes to achieve displacements ranging from10™ to 10" m, with
strains over 100%* and generated forces between 10™ and 10°N.
Despite this potential, DEA technology is still at a pre-commercial
stage. A major factor that hindered their expansion is their sensitivity
to dielectric breakdown, which restricts the maximum electric fields
that can be reliably and continuously applied, hence limiting their
force and power density. Moreover, the narrow choice of space-
compatible elastomers of just a couple of polydimethylsiloxanes
(PDMS)*° is also a concern. Therefore, investigations of their
employment in space are limited to a few conceptual proposals of
inflatable structures'®”, space mirrors®, mechanisms for regolith
transport®** and grippers®.

A previous work that primarily targeted large actuated space
structures attempted flexible electrostatic bending actuators, but
was hindered by breakdowns and fast polymer charging due to using
air as dielectric®. Recent developments in the field of soft robotics
however - the electrostatic multilayer systems (EMSs) - use variable-
thickness gaps containing insulating liquids instead of air, enclosed
within flexible polymeric shells*. Some notable architectures, such
as the hydraulically amplified self-healing electrostatic (HASEL)
actuators®*™*°, rely on the encapsulation and Maxwell pressurization
of incompressible dielectric liquids, which can generate sealing and
cavitation challenges in space, hence making this design unsuitable
for such applications. Conversely, some other EMSs, mainly the
electrostatic bellow muscles (EBMs)* and Electro-Ribbon actuators*,
can potentially operate without incompressible liquids, by utilizing
other high dielectric strength media, such as a high vacuum, offering
a promising solution for space applications.

Herein, we report an electrostatic actuation principle that treats
vacuum not as a hindrance, but as a key functional asset, enabling
operation in low-pressure environments. Our solution does not suffer
from the heat transfer limitations and the complexity associated with
electromagnetic drives and achieves significantly reduced mass and
volume if compared to other electrostatic actuators due to employing
vacuum as the bulk dielectric, as opposed to an elastomer or a liquid.
Moreover, it is fully made of common space materials, such as poly-
imide (PI), whose dielectric strength we investigated under selected

environmental hazards. The proposed vacuum-gap EMSs (V-EMSs) are
intended to operate at pressures which cannot easily sustain gas
ionization and corona discharges (well-below -102mbar). We
demonstrate this promising direction by building actuators based on
the zipping EBM principle, designed to operate in vacuum, and eval-
uate their performance in a vacuum testing chamber able to reach
pressures on the order of 107 to 10" mbar. These devices can deliver
comparable contractile strains to their liquid-based EBM counterparts
(-40%)", but at larger strain rates (25,000%s™) and greater power
density (1.4 kW kg™). Motivated by potential space applications, this
work focuses on the evaluation of V-EMSs in vacuum condition.

We showcase this actuation method by developing a compliant
gripper driven by a stacked EBM actuator, with the purpose of repli-
cating object manipulation tasks representative of an idealized space
mission. The gripper successfully grasps small objects inside our
vacuum setup, demonstrating that vacuum-gap actuators based on
thin and flexible materials and flexible structures, featuring stackable
architecture, can be a promising option for low-pressure
environments.

Results

General architecture and working principle of a V-EMS

Typical EMSs employ at least two dielectric media: solids, in the form
of thin compliant polymer films, and liquids with low electrical con-
ductivity and preferably low viscosity. Some actuator kinematics, such
as in the HASEL actuator group*’, employ the liquid component in a
dual role: (1) it must sustain sufficiently high electric fields required for
the actuation to occur, hence an electrostatic functionality**; (2) it
must deform the overall soft body of the actuator by means of pres-
surization and as a result, produce a mechanical movement, hence a
hydraulic functionality. The combined electrohydraulic action
demands both incompressible and high dielectric strength liquids. On
the other hand, several other EMSs involve only an electrostatic
action*"*?, enabling actuation solely based on the shrinking of the
dielectric gap, whereas any pressurization of their liquids is merely a
by-product of this process. This category does not necessarily require
tightly sealed incompressible liquids and can enable the implementa-
tion of other dielectric media in the gap.

In view of this distinction, we propose an electrostatic actuation
approach that employs a vacuum gap as one of the dielectric layers.
High, ultra-high, and extreme-high vacua (pressures below 10~ mbar)
can represent optimal solutions in terms of dielectric strength and
electrical conductive losses, as well as by providing negligible drag and
no viscous resistance.

The envisaged fundamental structure of V-EMSs consists of two
polymeric films separated by a vacuum gap, each carrying compliant
electrodes on its outer surfaces (Fig. 1a). Upon the application of a
voltage, the Coulomb attraction developed between the charged
electrodes compresses the dielectrics and closes the gap, reducing the
overall dielectric thickness to that of the films. To enhance protection
from electrical discharges, the electrodes can be coated with thin non-
conductive layers*. During the initial feasibility trials, we observed that
such a thin protective coating significantly reduces the chance of
vacuum arcs and enhances lifetime, especially during fast voltage
transients or in proximity to grounded conductive materials. Fur-
thermore, the proposed architecture can operate by electrostatic
zipping, an actuation kinematics that relies on a spatially varying
dielectric gap with minimum dielectric thickness at a contact front
between the two films (Fig. 1a, b). This configuration concentrates the
electric field in that contact region, lowering the required voltage
compared to designs with spatially uniform gaps. The progressive
closure of the gap mitigates pull-in instability effects, thus allowing
more control over the actuation*>***¢, Similar to liquid-based devices,
V-EMSs can utilize highly electrically resistive dielectric materials.
Although they require voltages on the order of kilovolts, the associated

Nature Communications | (2025)16:11414


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66232-7

Vacuum-gap electrostatic zipping b Stacking

WYY

Polymer film dielectric
Electrode

Force

TForce
N B, Insulation = +
 e— g NS -
s
€ g -
O = -
=
Voltage OFF Voltage ON i
Vacuum Vacuum
environment environment

C
Actuator thermal response in vacuum
' ! ! Prone to overheating
| actuators | R
il
2 | Max. operating temperature |
€
2 V-EMS
5 | (EmS) YYYY | @ Minimal cooling needed
S |
2
Q
< 3
c
§ I
g |
g

Time

Fig. 1| Key aspects of V-EMS. a General schematic of the working principle and
kinematics of a zipping joint in vacuum. This zipping principle can be used to
achieve stroke generation through different actuator configurations, leveraging a
progressive contact of the polymeric films against an external force. Left: In deac-
tivated state, the two films take a wedge-like profile, with the thickness of the
vacuum gap being close to zero at the contact between the films, and very large on
the opposing side. Middle: Upon electrical activation, the Coulomb attraction
generated between the charged electrodes gradually brings together the films,

Application concepts

No convection in
vacuum

closing the gap. Right: The polymer films come in full contact and full contraction is
achieved. b Multiple zipping units can be integrated to increase performance. This
picture presents a stacked configuration of a generic set of zipping elements, in
which the actuation stroke is amplified proportionally to the number of units. ¢ A
schematic comparison of thermal behavior in vacuum: conventional actuators
often require dedicated thermal management, while the proposed electrostatic
actuators exhibit minimal self-heating. d Artistic representations of future appli-
cations of multilayer zipping joints onto space robotic systems.

currents remain extremely low, which results in minimal energy dis-
sipation and limited temperature increase (Fig. 1c), which is a critical
trait for vacuum environments. This behavior is demonstrated in the
Section Temperature response during operation in vacuum.

The fundamental reliance of the V-EMS principle on a vacuum
medium highlights a potential for driving mechanical structures in
space (conceptually depicted in Fig. 1d).

The vacuum-gap EBM layout and working principle

To validate the feasibility of V-EMSs in a vacuum, we opted for the EBM
as a proof-of-concept due to its straightforward and robust design,
geometrical compatibility with our vacuum hardware and available
fabrication know-how. The EBM is a versatile, easily-stackable con-
tractile actuator, initially proposed as an artificial muscle for soft
robotics applications in 2021*.

First, we built a vacuum-gap EBM (V-EBM) stack consisting of
three units connected in series, which we refer to as the preliminary
V-EBM prototype throughout the remainder of the manuscript. Each
unit contains two Polyimide (PI) dielectric films, bonded together on a
circular perimeter and radially constrained by two rigid annular frames
(Fig. 2a). The units are equipped with thin metallic electrodes with a

diameter of 30 mm, that compress the dielectric when charged. To
prevent electrical discharges, the V-EBM is fully coated with a thin layer
of Parylene C. Critically, each unit is equipped with coaxial needle-size
vent holes for air evacuation during depressurization and establish-
ment of equilibrium between the internal volume of the device and the
vacuum environment. In contrast to literature, this device lacks
dielectric liquids and their related storage and filling components;
hence, it has a mass of 5.3 g, almost half that of a liquid-based device
with polymer frames.

When a tensile force is applied to the actuator, its thin, polymeric
structure elongates and the two PI films in each unit gradually separate
and form gaps between them. When a sufficiently high voltage is
supplied, electrostatic attraction between the electrodes drives the
films back together in a zipping motion, closing the gaps and produ-
cing a contraction of the units as illustrated in Fig. 2b.

Upon dimensional scaling, the key actuation parameters, such as
stroke and energy density, exhibit predictable trends. In liquid-based
EBMs, the stroke scales up with radial dimensions, assuming that the
electric field is maintained, but the energy density decreases, since the
mass, dominated by the liquid, grows cubically*. In a vacuum device
though, the stroke will scale in the same way, but, critically, the energy
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Fig. 2 | V-EBM structure and working principle. a Rendered view of a stack and
structure of each actuation unit subject to an external traction force and a voltage
U. b. The zipping kinematics of the actuator. At no applied voltage, the device is

Stroke = 1 mm — Contraction > 40 %

stretched by the external force and the gap is at its largest. With the increase in
voltage, the polymer films gradually come in contact, reducing the gap.

density will remain constant within large dimensional variations
(Supplementary Information Section 5).

Although full space qualification is beyond the scope of this work,
the intended future use of these actuators in space motivates investi-
gations beyond vacuum compliance. To evaluate the electrical limits in
response to selected environmental hazards representative for space,
we performed a dielectric characterization of our Pl material both as a
function of temperature up to 145 °C, as well as of gamma radiation up
to a dose as high as 1475 kGy (Supplementary Table 2). In both cases,
the dielectric strength stayed significantly above the maximum electric
field strength we deemed necessary to operate the V-EBM (-120 V/pm),
with median breakdown values at least twice the necessary threshold.
More details about these materials tests are available in the Supple-
mentary Information Section 2 and Supplementary Fig. 2.

Characterization of the preliminary V-EBM

The characterization of the preliminary V-EBM was performed in a
custom test bench integrated into a vacuum chamber equipped with a
transparent vacuum dome for actuation monitoring (Fig. 3a and Sup-
plementary Fig. 4). The experimental campaign was performed at
pressures ranging from 5 x 10~ down to 107 mbar. We investigated the
maximum operational pressure threshold of the V-EBM in our vacuum
system and identified it to be at around 102 mbar (Supplementary
Fig. 1 and Supplementary Information Section 1). Above this limit, a
critical pressure range for electrical breakdown begins, thus making
V-EMS high voltage activation unsustainable. Therefore, for the char-
acterization, we chose a pressure interval significantly below this value.
The lower threshold of the chosen range is restricted by the pumping
power of our vacuum equipment; ideally, the lower these pressure
values, the less likely electrical discharges in the residual gas are
to occur.

We applied voltages of 4, 5, and 6 kV, corresponding to electric
fields of 80,100, and 120 V um™. The maximum applied voltage of 6 kV
during characterization does not exceed 50% of the measured dielec-
tric strength of the two PI films (Supplementary Fig. 2). We applied a
switching sinusoidal voltage (Fig. 3b) by swapping the positive voltage

terminal across the actuator each cycle, that allows applying bipo-
lar sinusoidal voltage across the actuator while using only positive
supply voltages, such as in refs. 47,48 (Supplementary Information
Section 8). The switching is necessary as we noticed that applying DC
voltage will otherwise introduce temporal changes in the output force
of the actuator that are reminiscent of the interfacial charge accumu-
lation in the dielectrics of liquid-based EMSs. In fact, for the latter, a
switching driving voltage is common practice to avoid detrimental
charge accumulation within the dielectric layout, which significantly
alters their force output. In the case of V-EMSs, such effects may stem
from charge traps at the dielectric films’ interfaces or within their bulk.

To determine the force-stroke characteristic, we applied voltage
to generate actuation at a frequency of 5Hz, while progressively
increasing the mechanical loading of the device from 1 to 4.25N. The
loading was done by applying a slowly growing force ramp via a soft
metallic spring (Supplementary Fig. 4) at a rate of ~0.06 Ns™. The very
slow rate ensured that the applied force is quasistatic during each
actuation cycle and allowed a continuous force-stroke characteristic
on the entire applied force range. We define the term elongation as the
instantaneous position of the actuator, measured in millimeters rela-
tive to its fully contracted state (set as zero). Consequently, actuation
stroke is the difference between the maximum and minimum elonga-
tion within each cycle.

Figure 3b illustrates a snippet of the elongation of the device
during high voltage excitation, whereas Fig. 3c plots the actuator
stroke during the entire force ramp. This device exhibited a blocked
force close to 4N at the maximum applied voltage of 6 kV, which
decreased to 3 and 2.2N at 5 and 4KkV, respectively (Fig. 3c). As
expected, the stroke is highest at a relatively low preload of 1N,
reaching a maximum 3.6 mm, which corresponds to a contraction
value close to 50% (Supplementary Figs. 9 and 10). This is higher by
about 20% than in an equivalent liquid-based EBM, which must incor-
porate dedicated components to store the displaced liquid during
actuation. This increases device size without adding any contribution
to the overall deformation. Conversely, the functional vacuum
dielectric eliminates the need for such structures, enabling V-EBMs to
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actuation frequency of the single-unit V-EBM device (top plot) and its corre-
sponding contraction-force dynamics (bottom plot). f Stroke as a function of
actuation frequency of the single-unit V-EBM subjected to a 1.5 N load. All three
applied voltages indicate comparable strokes at 1 and 100 Hz. The frequency region
around 70 Hz corresponds to an instrumental resonance of the setup and is
therefore excluded from performance estimations. g Peak speed and peak power-
to-mass ratio as functions of the actuation frequency for the 6 kV dataset shown
in (f).

make much more efficient use of their volume. Furthermore, the
characterization revealed that the force and stroke output are com-
parable to the liquid-based EBM, but at less than half the actuator mass.

Characterization of an optimized vacuum-EBM

Following concept validation, we developed a lightweight single-unit V-
EBM optimized in terms of employing high-temperature and low-
outgassing adhesives, and refined frames made of a high-performance

Pl-fiberglass laminate, hereafter referred to as the optimized V-EBM.
The materials employed in this version of the actuator have been pre-
viously implemented in space missions. A discussion of these materials
can be found in the Supplementary Information Section 2, whereas the
fabrication method is detailed in Materials and Methods and Supple-
mentary Fig. 3. Besides space compatibility, the refinements in mate-
rials allowed a significant mass reduction of a unit down to just 0.7 g,
which is roughly 1/9 the mass of an equivalent liquid-based device.

Nature Communications | (2025)16:11414


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66232-7

Despite being significantly lighter, the actuator exhibited a
blocked force surpassing 4.25 N at 6 kV, more than 600 times its own
weight on Earth, a stroke of 1 mm, and reached contractions of 40%
(Fig. 3e and Supplementary Fig. 11), orders of magnitude higher than
piezoelectric actuators, and comparable to silicone-based DEAs. Sur-
prisingly, this optimized V-EBM demonstrated an actuation bandwidth
greater than 100 Hz (Fig. 3f, Supplementary Fig. 12, and Supplementary
Movie 1). However, this value must be considered as a conservative
maximum, because the resolution of our measurement setup did not
allow testing higher frequencies (Materials and Methods). The ampli-
fied oscillatory regime visible in the interval of ~-60 to 80 Hz is not
caused by the actuator, but by external disturbances imposed by
longitudinal vibration modes of the preloading spring, which passes
through its first natural frequency at around 72 Hz (estimation in the
Supplementary Information Section 8), and which is connected in
series to the actuator (Supplementary Fig. 4). Nevertheless, after this
region, in the interval 80 to 100 Hz, the actuation stroke stabilizes and
remains close to the one at lower frequencies, in the range close to
1mm at both 5 and 6 kV. Furthermore, V-EBM can also operate at
frequencies below 1Hz, down to at least as low as 0.1Hz (Supple-
mentary Fig. 13 and Supplementary Movie 2), albeit polarity switching
is still required to redistribute any accumulated charges within the
dielectrics. This actuation frequency range can be useful both in
dynamic tasks, like rapid tuning of optical or communication instru-
ments and adjusting deployable structures, activation of valves,
switches, latches, as well as in more general tasks, like driving scientific
instruments, robotic manipulation, and others.

The actuator was capable of reaching a peak linear speed of
670 mms™, corresponding to a contraction rate of 25,000% s™ (piezo
about 10,000%s™) (Supplementary Fig. 14). Furthermore, we esti-
mated a maximum average power of 370 mW at around 100 Hz (Sup-
plementary Figs. 15 and 16). The peak power, however, is close to 1W,
resulting in a peak power-to-mass ratio of 1.4 kW kg™ (Fig. 3g), and a
peak power-to-volume of 0.9 MW m, calculated considering a device
cylindrical envelope of -1.09 cm® (Supplementary Information Sec-
tion 4). The unit operated for a minimum of 500,000 cycles at 4 kV
(Supplementary Fig. 17), despite suffering some damage to the pro-
tective coating over time.

Temperature response during operation in vacuum

Equipment overheating is a primary concern in low-pressure envir-
onments due to the lack of convective heat transfer. To avoid failure,
actuators in space are typically endowed with thermal management
and monitoring solutions that inevitably increase system complexity
and power consumption. Therefore, the evaluation of the thermal
response of the proposed electrostatic actuators in vacuum is of
paramount importance.

While in theory electrostatic actuators might retain their stroke
against an applied force with no power consumption, in practice
leakage currents due to the dielectrics’ conductivity are a source of
heat generation. In a fully zipped actuator, Joule power losses can be
thus estimated to be proportional to the squared applied voltage, the
polymer conductivity, the electrodes' surface area, and the inverse of
the total dielectric thickness (Eq. S5). Given that the conductivity of the
Pl used in this work is on the order of 10™° S m™, the dissipated power
per unit device mass, in a zipped state, can be calculated on the order
of 1uW g™. Despite just representing an order of magnitude, this esti-
mate falls several orders of magnitude below the dissipated power
density of electromagnetic drives, e.g., typical brushless DC motors,
whose losses can be estimated within the range of a few tens of mW g™.
Under fast switching voltage though, electrode resistance might
become a bottleneck. Nevertheless, even with the conservative
assumption of an equivalent electrode resistance on the kQ order and
high frequency operation, the power loss is expected to be sig-
nificantly less than that of electromagnetic motors (see the heat

dissipation considerations in Supplementary Information Section 9
and Supplementary Table 3).

Based on these considerations, we carried out experiments to
measure the temperature variation of the optimized V-EBM during
actuation with a high-resolution infrared (IR) camera. The IR trans-
mission from the device inside the vacuum chamber to the camera
outside is ensured by a dedicated IR-transparent viewport. To mini-
mize the conductive heat transfer between the actuator and the setup,
the mechanical contact is reduced to the electrical connection, and to
the support and loading points (made of Pl laminate in our setup), all of
which are unavoidable regardless of the implementation. Further-
more, although coated with Parylene C, the surface of the V-EBM is
highly reflective to IR radiation, a problem that we solved by applying
on the actuator small PI thermal markers with high emissivity coeffi-
cients, thus enabling IR-based temperature readings without impeding
actuation. This setup is described in more detail in Materials and
Methods and Supplementary Fig. 5.

The actuator is subjected to a load of 1N in all the temperature
tests. To determine the temperature increase arising from dielectric
conductive losses, we applied a 60s 4kV DC signal. In the case of
dynamic modes, in which the losses from electrode heating become
dominant, the thermal response was assessed by subjecting the
actuator to a 4kV switching voltage at 1, 10 and 50Hz for 60s.
Remarkably, the device does not show any temperature increase nei-
ther during DC nor at 1 Hz operation, whereas it manifests a minor rise
of less than 0.5 °C at 10 Hz and a mere 2 °C at 50 Hz (Fig. 4a).

Moreover, we also tested the most dissipative scenario of high-
frequency 100 Hz actuation for longer periods of time -600s, and at
higher voltage -5kV, as well as at 4 kV. The results demonstrate a
temperature increase of about 6 °C and 7.5 °C for 4 and 5kV, respec-
tively (Fig. 4a, b), both cases producing a thermal time constant in the
range of 100s. Therefore, the V-EBM manifests trivial temperature
changes during actuation and small variations between the applied
voltage amplitudes and frequencies. Additionally, the geometry of
these actuators allows a very large surface-to-mass ratio of more than
2.7 m*kg, in the range of lightweight radiators for CubeSats.

Gripper demonstrator

To explore the potential of integration of the V-EMS technology with
external mechanisms, we developed a compliant mechanism gripper
driven by a three-unit V-EBM. This serves as a conceptual application
example, that the actuator’s performance in terms of stroke (and
stacking) and actuation speeds can be well-matched to a relevant tool
for space robotics. The gripper features a minimalist monolithic
structure and operates as a distributed compliance mechanism
through a set of thin interconnected cantilever springs (Fig. 5a).
Besides implementing the gripping kinematics, this mechanism per-
forms a secondary role of providing the preliminary V-EBM stack with
the pre-stretch required for operation (2-3 mm) (Supplementary
Fig. 18). Moreover, the gripper also amplifies the stroke of the actuator,
converting it into a displacement between fingertips that is -6 times
greater.

The resulting device is capable of grasping objects in low-
pressure environments. Figure 5b and Supplementary Movie 3 show
the gripper handling an 8.6 g rock inside the vacuum chamber at a
pressure of <107 mbar, simulating a robotic mission for the collection
of rock samples. Initially, the V-EBM is extended, and the gripper is
open. We then apply high voltage, causing the actuator to contract
and the gripper to pinch the rock. The gripper is then pulled upwards
by a motorized testbench (Supplementary Fig. 6), whilst firmly
holding the rock suspended. Because the experiments were brief,
charge accumulation effects did not manifest disruptive contribu-
tions to the force output of the actuator and did not impede the
grasping process as a whole, hence, it was possible to perform them
at 6 kv DC.
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frame @ - the voltage was activated for 60 s, frame @ - voltage activated for 600 s
and frame @ - voltage was switched off for 60 s. The reflection of the position sensor
employed to confirm actuation is covering the lower right portion of each frame,
visible as a hotter triangular region (hatched area) and was discarded in tempera-
ture estimates. The temperature was extracted as the maximum value on the region
of interest (ROI) indicated in frame @, free from significant reflections and corre-

sponding to one of the 10 Pl markers.

This process was repeated with a 3.6g aluminum cylinder,
representative, for example, of a small satellite component to be
grasped (Supplementary Movie 3). Additional performance details
about the gripper-EBM system can be found in the Supplementary
Information Section 10. The mass of the grasped objects and the
overall performance of the system can be further improved by tuning
the compliance of the gripper mechanism and the dimensions of the
EBM actuator.

Discussion

Here, we introduce V-EMS, a class of actuators that exploit unique
properties of vacuum - namely its high dielectric strength and
resistivity, and lack of viscosity - to deliver large strokes and forces
at short response times. In our proposed approach, a wide vacuum
gap between two flexible polymer films forms highly contractible
dielectric structures that change their shape when electrostatically
pressurized by compliant electrodes. Unlike conventional actuators
for space, which often regard vacuum as a technological hindrance
(for example, causing overheating in electromagnetic actuators),
our approach exploits vacuum to boost actuation performance by
leveraging the large electric fields it can sustain, the low con-
ductivity and the absence of fluid dynamic resistance during con-
traction. This enhances multiple performance metrics, such as
mass, speed and power, compared to EMSs that use dielectric
liquids on Earth.

To demonstrate this principle, we built actuator prototypes,
called V-EBMs, and tested them in a low-pressure environment. Unlike
conventional electromagnetic motors, such actuators are well-suited
for centimeter and gram-scale applications. Furthermore, these
actuators can be made of polymers commonly employed in space. In
our implementation, we estimated the materials cost per actuation
unit of an optimized V-EBM to be = 2 €, although by scaling up fabri-
cation this cost can be reduced even further. Even though further
space qualification is required for the actuator as a whole, the materials
cost is expected to remain low.

Such actuators were capable to pull loads higher than 4.25 N while
having a mass of only 0.7 g and achieved a contraction rate of over
25,000% s and a power-to-mass ratio of 1.4 kW kg™. Notably, they do
not heat up significantly, even in the most demanding cases the mea-
sured temperature increase is as little as 7.5°C. Furthermore, we
integrated a stacked V-EBM in a compliant gripper mechanism and
operated it in vacuum. Although this gripper is a conceptual demon-
strator for operation in vacuum rather than an optimized and final
space system, it successfully grasped small objects inside our setup.

The pressure range in which the experimental campaign was
undertaken is 5 x 10~ to 107 mbar. Pressures below this range might be
beneficial because they further reduce the number of residual gas
molecules, thereby minimizing ionization. At higher pressures, i.e.,
medium and rough vacuum, gas ionization is expected to hinder
actuation (corona, arc discharges). Preliminary tests in our vacuum
test bench showed that pressures above 102 mbar prevent actuation
due to electrical discharge phenomena in the residual gas (Supple-
mentary Fig. 1). Although more investigation regarding the V-EMS
operation at such low vacuum levels is required, ceasing operation is
recommended for low vacuum or transient pressures. Given that
uncrewed spacecraft are typically unpressurized and operate in high
vacuum conditions, our actuator demonstrates compatibility with
environments inside such spacecraft in terms of pressure. While out-
gassing from the actuator materials was not quantitatively assessed,
the use of common space polymers is expected to reduce con-
tamination risks, and future material selection can be further opti-
mized based on standardized outgassing metrics as mission
requirements dictate®®. Unlike DEAs, V-EMSs can effectively leverage a
wide range of space-grade materials, with possible dielectric candi-
dates, besides PI, being dielectric films of polytetrafluoroethylene
(PTFE), Mylar, nylon, Parylene, etc. The selection will be tailored to
mission-specific constraints, as relevant electrical and mechanical
properties of polymers change with exposure to space hazards™.

Although this work already demonstrates V-EMS in vacuum -
serving as a proof of concept with consideration of relevant materials
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Fig. 5 | Compliant gripper demonstrator. a The actuation process of the gripper.
Left to right: gripper in free state; gripper stretching the actuator when the latter is
inactive; clamping action instigated by the electrical activation of the actuator.

b Rock grasping demonstration in the vacuum chamber. Left to right: gripper is

inactive; the contraction of the stacked V-EBM in response to a 6 kV DC high voltage
signal causes the gripper to bend and grasp the rock; the activated gripper and the
rock are lifted with the motorized test bench.

for space use, critical space-related aspects must be explored. Future
studies must investigate long-term performance and electrical aging
under real mission conditions, offer a more comprehensive assess-
ment of resilience to space hazards, determine the response to
mechanical shocks during launch, as well as investigate and develop
integration methods with existing space platforms. Regarding the
latter, there exist numerous space missions that already employ high
voltage supplies for other tasks, such as propulsion, and operation of
scientific instruments like spectroscopy analyzers, cameras, radars,
travelling-wave tube amplifiers, etc . Although systems integration
and closed-loop control are steps yet to be taken, the know-how and
possible synergies with established high-voltage space technologies
might be a boost to drive space V-EMS to technological maturity.
Therefore, this actuation solution could benefit from the expertise and
interest regarding high-voltage supply and protection measures in
space. Furthermore, dedicated control strategies are possible, likely
based on self-sensing capacitive methods*’, for performing trajectory
tracking, force control or other tasks, as well as for guaranteeing
robustness against unpredictable external forces.

Future actuator geometries, materials solutions, and reliability
assessments in task-oriented evaluations could determine the place for
V-EMSs onboard space missions.

Methods

Preliminary V-EBM prototype

This actuator is a three-unit stack consisting of three identical actua-
tion units mechanically connected in series and electrically in parallel.

Each unit is made of two Pl dielectric films (PITIN, Capling), each 25 um
thick, bonded on a circular perimeter by a 5um thick double-sided
annular adhesive strip (No. 5600, Nitto Denko), and constrained on an
external circumference by two rigid annular frames. It bears two
compliant 10 nm thick copper electrodes on its external surfaces
(Fig. 2a), applied via DC metal sputtering (Q150T-ES, Quorum Tech-
nologies) on the PI films through a masking process prior to the
actuator assembly. Each unit also holds two double-sided adhesive
pads (VHB 4905P, 3M) on its external surfaces for bonding to the
adjacent units or to the interface elements. The latter are small plastic
parts designed to integrate the actuator into the test bench, and, in
case of the EBM stack, are 3D printed (GreyPro, Formlabs). The frames
are made of FR-4 epoxy resin and are attached to the Pl substrates with
0.1 mm double-sided acrylic adhesive tape (68144, Tesa). Additionally,
the units feature small coaxial vent holes that ensure pressure equili-
brium between the internal volume of the device and the external
vacuum environment during transients. The vents have a diameter of
around 0.6 mm in the PI films, and 1 mm in the interface elements and
adhesives. The external surface of the stack is fully coated with a 7 um
thick layer of Parylene C by placing the device in a parylene coater
(PDS2010, Specialty Coating Systems) in which 4.8 g of Parylene C was
loaded. Parylene C dimer was purchased from Specialty Coating Sys-
tem Inc. (IN, USA). During deposition, we cover the vent holes with a
porous tissue such as to prevent material from entering inside the
devices, while still allowing air venting in the initial stages of this
process. More details about this can be found in the Supplementary
Information Section 3.
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Optimized V-EBM unit

This actuator consists of a single unit and employs materials with
higher tolerance to space hazards. In this case, all mechanical bonds
are realized with a high-temperature adhesive (Pyralux LF0100,
DuPont). The frames feature a minimalist design and are made of a Pl/
glass fiber composite (85N Polyimide Laminate, Arlon). This material
was also employed by the interfacial elements. The device consists of
four materials: PI, copper, Parylene C and the LF adhesive.

The electrodes are identical in both actuators, with 16 mm internal
and 30 mm external diameters. Supplementary Table 1 contains the
exact dimensions of all the components of the two actuators. Further
details about the materials, their use in space applications, the fabri-
cation methods, actuators dimensions, mass and volume can be found
in the Supplementary Information Section 4.

Gripper materials

The gripper is carved from a PTFE slab (RS Pro) with a desktop CNC
machine (3018-PRO CNC, Gemnitsu). The fingertips are coated with
PDMS (Sylgard 184, Dow) by dipping, to improve grip and compliance.

Vacuum setup

The test bench has at its core a turbomolecular pumping station (T-
Station 85, Edwards), connected to a vacuum chamber of stainless
steel (304/304L) flanges and tubes (Supplementary Fig. 2). The system
is equipped with a glass vacuum dome, a pressure gauge (PBR260 or
PKR251, Pfeiffer), a venting valve, a high voltage electrical feedthrough,
and a motorized linear mechanical feedthrough. The latter conveys a
linear motion, generated in the atmosphere by a motor, to the vacuum
environment, with the scope of extending a soft spring (SODEMANN
Industrial Springs) through which a tensile force is applied to the
actuators (Supplementary Fig. 4). The spring approximately functions
as a constant biasing force. It features a maximum elongation
exceeding 100 mm - two orders of magnitude greater than the stroke
of a single-unit EBM, and a very low stiffness - of just 0.032 N/mm. As a
result, the variation in the applied force during actuator contraction
can be considered negligible: a1 mm stroke of the unit actuator results
in a force change of only 0.032 N, which corresponds to an error of just
0.75% to 3.2% across the full range of applied forces (Supplementary
Information Section 6).

Characterization process

The actuators are rigidly fixed, on one side, to a rigid non-anodized
aluminum and PTFE support structure inside the glass dome, and on
the other are connected to the spring. The feedthrough that stretches
the spring and applies the load is actuated by a linear motor (L16-P,
Actuonix) with calibrated position feedback, hence directly providing
information on the spring elongation and allowing estimation of the
applied force using Hooke’s law. The experimental campaign is carried
out at pressures ranging from 5 x 107 down to 10° mbar.

The driving voltage is supplied with two high voltage amplifiers
(10HVA24, Ultravolt), which also provide current and voltage sensing
capabilities. Each electrode is charged with a positive sinusoidal signal,
then grounded, in alternating cycles depicted in Supplementary Fig. 8,
such as to induce a switching voltage signal across the actuators (see
Supplementary Information Section 8 for more details about the
applied voltage). The characterization was performed at voltage
amplitudes of 4, 5 and 6 kV.

The actuators are recorded through the glass dome with a high-
speed camera (GS3-U3-23S6M-C with lens 250F6C, Point Grey). Each
video frame is TTL triggered with a Speedgoat Baseline Real-Time
Target machine, which also controls the linear motor through a PID
controller, generates the driving signals for the amplifiers, and
acquires the voltage, current, and pressure data. The actuator elon-
gation is then estimated using Matlab video processing methods
(Supplementary Fig. 7).

Force-stroke characterization

The stroke as a function of force is determined by subjecting the
actuators to a force ramp from 1 to 4.25 N with a slope of -0.06 N/s,
while supplying voltages of 4, 5, or 6kV amplitude and actuat-
ing at SHz.

Frequency characterization

The optimized V-EBM is loaded with a constant force of 1.5N and
driven with a switching up-chirp signal either from 0.1 to 1Hz for
quasistatic tests (Supplementary Movie 1) or from 1 to 100 Hz for
dynamic tests (Supplementary Movie 2) at 4, 5 and 6 kV.

Temperature response
The temperature measurements are performed on optimized V-EBMs.
To reliably measure the temperature, 10 thin circular markers were
attached to the Parylene-C coating, as depicted in Supplementary
Fig. 5. Each marker has a diameter of 4 mm, a thickness of 110 pm and is
made of three layers of PI - silicone adhesive tape (PITOS5S by Capling).
Two markers are placed on the electrical connection between the wires
and the electrodes, and 8 are placed at equal angular intervals on the
electrode monitored by the IR camera.

This optimized V-EBM is mounted inside a steel vacuum chamber
and fixed at the top side on a support structure made of thin (0.5 mm)
Pl-fiberglass laminate beams. The IR camera (A70, with FOV 51° lens,
FLIR) is mounted at ~20 cm above the actuator, such as to have a clear
overview of its top surface. Also from the top, a laser meter (LK-G152,
Keyence) is used to detect actuation by pointing towards the top
annular frame. The laser produces a reflection that covers roughly 17%
of the area of interest, which was not considered for results evaluation.
The load is applied via a soft spring connected in series to a vacuum
compliant load cell (KD24S 20N, ME-Mef3systeme) (Supplemen-
tary Fig. 5).

Gripper tests

The V-EBM stack is incorporated into the body of the compliant grip-
per, which is attached directly to the motorized feedthrough (Sup-
plementary Fig. 6). The actuator is activated (6 kV DC) when the
fingertips are in proximity to the object, hence grasping it. Subse-
quently, the motorized system lifts the gripper with the grasped object
following a predetermined trajectory inside the vacuum setup (Fig. 5
and Supplementary Movie 3).

Data availability
All data are available in the main text or the supplementary materials.
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