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A B S T R A C T

The finest fraction of the lunar regolith, namely the lunar dust, poses a challenge for hardware design and lunar
operations. The Apollo missions experienced equipment malfunctions and failures due to dust interactions with
hardware. In this work we focus on the problems related to the clogging of rigid body mechanisms. We explain
the causes of the problem and propose a solution consisting of replacing traditional mechanisms with compliant
mechanisms. There are multiple methods for synthesizing compliant mechanisms, but two approaches are most
commonly used: analytical design and topology optimization. In this paper using a compliant gripper as an
example, the suitability of these methods to design compliant mechanisms used in extra-vehicular activities is
investigated. In doing so, the feasibility of using complaint mechanisms in the lunar equipment as part of dust
mitigation strategies for surface projects is also demonstrated.
1. Introduction

The Apollo missions, the only crewed lunar missions performed so
far, provided an enormous amount of data about the Moon. Several
findings highlighted the challenging nature of interactions between the
Apollo hardware and the lunar environment. One of the aspects which
had a substantial impact on hardware operations was lunar dust. Lunar
dust is the fine fraction of lunar regolith. Between 10% and 20% of
lunar regolith weight consists of particles smaller than 20 μm [1].
During the Apollo operations, particles smaller than 2 μm proved to
be the most problematic [2]. The fragments of this size are able to
enter hardware gaps, clearances and backlashes between hardware
elements, causing the increase of friction and decrease of performance.
The dust particles were created by meteorite impacts and were never
exposed to hydrological or aeolian erosion, hence they retain very sharp
edges. Furthermore, the minerals present in the dust, such as anorthite,
bytownite, labradorite, fayalite or forsterite, score 6 and above on the
Mohs scale of minerals hardness [3]. As for comparison, most steel
alloys score 4–4.5 on the same scale. This means that the engineering
materials of the hardware are exposed to sharp particles consisting of
harder materials, leading to the risk of abrasive wear [4].

Dust contamination probability is high as a result of lunar dust
particles periodically floating above the surface due to electrostatic
phenomena [5]. New studies estimate that floating particles can con-
centrate around 2 m above the Lunar surface, while the photoelectron
sheet extends to tens of meters [6]. The lofted dust is particularly
significant in the terminator regions (during sunset and sunrise). The
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Sun-facing side of the Moon is exposed to solar wind plasma, free
electrons, and solar UV rays which cause photoemission [7,8]. This
creates a plasma sheath of photoelectrons above the day-side of the
surface. As a result, the day side of the surface charges to positive
potentials. The opposite (night) side sheath is dominated by positive
ions that can extend to 1 km above the ground and the surface charges
to negative potentials [9,10]. The exact potential of lunar dust particles
depends on the work function of the surface (energy needed for extrac-
tion of an electron from the surface). Previous work has determined
the work function of the lunar regolith to be around 5.8 eV [11]. The
work function of engineering materials often used in space hardware
is usually different than the one of lunar dust, e.g. aluminum 4.28
eV, stainless steel 4.4 eV. Therefore hardware and lunar dust particles
charge to different potentials. Usually, in order to get the dust off the
surfaces, brushes are used. They rely on breaking the bonds induced by
the van der Waals forces, but the electrostatic forces are much stronger
and harder to break. The potential difference is the main reasons for the
adhesion of the dust particles to the hardware surfaces. This is also the
reason why cleaning of the hardware with mechanical methods, like
brushes during Apollo missions, was harder than expected [5].

Several dust mitigation technologies including coatings, electro-
static discharge films, work function matching, brushing, blowing,
electrodynamic methods, vibration, ultrasonic techniques have been
investigated in the literature as dust mitigation solutions for the lunar
environment [5,12]. The appropriate protection method for each case
must take into account the type of expected damage. Based on the
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Fig. 1. Apollo dust related problems chart, based on categorization from Gaier et al. [13].
Fig. 2. Apollo Lunar Sample Return Container (ALSRC) from Apollo 11 mission [14],
hinges highlighted with red dashed outlines.

reports of the Apollo surface missions, the dust related problems were
categorized into nine groups [13]. This classification is presented in
Fig. 1.

This work focuses on one specific category of problems: clogging of
mechanisms. Mechanisms present in the Apollo surface equipment that
suffered from dust damage were build as rigid-body mechanisms. Rigid-
body mechanisms consist of stiff elements connected by kinematic pairs
(hinges, sliders etc.). An example of such a mechanism is an opening
mechanism of a sample container that has a hinge attached to the
lid. Fig. 2 shows Apollo sample container with highlighted hinges.
The process of dust related damage propagation for such mechanisms
starts with the contamination. The dust particles enter the backlashes
(gaps) in the mechanism, increasing the friction in the mechanism and,
therefore, the energy required for operations. Prolonged accumulation
of dust further increases the friction in the mechanism, which ulti-
mately leads to jamming. Some examples of dust-related damage of
mechanisms mentioned in the Apollo de-briefing reports and discussed
in the literature are presented in Table 1.

The common cause of these problems is the exposure of the gaps
between adjacent sliding or rolling elements in the mechanisms to
lunar dust. Due to the electrostatic phenomena causing the dust to
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Table 1
Apollo mechanisms dust-related problems based on the astronaut de-briefings [13].

Mission Problem

Apollo 12 Lock buttons of the equipment conveyor very hard to
manipulate because of the dust accumulation in the moving
parts

Apollo 15 Camera drive mechanisms got jammed with dust and
prevented it from working

Apollo 16 Battery cover of radiator jammed because of dust
accumulation in the mechanism

Apollo 17 Some of the moving components of the geopallet got stuck
after the second EVA; the angle adjustment of some
geological tools (scoop and rake) got fixed in one position
which could not be changed anymore; multiple components
attached to the rover jammed because of the dust exposure
(e.g. bag holders, pallet locks)

move above the lunar surface, dust protection by exposure avoidance is
challenging. Hence, this work evaluates a novel approach for the design
of Extravehicular Activity (EVA) equipment. The proposed solution is
to use an alternative design methodology where all the inter-element
gaps are eliminated, and traditional mechanisms are replaced with
compliant mechanisms. The lack of inter-element gaps makes compliant
mechanisms resilient to jamming caused by lunar dust: this approach
can be categorized as an implicit dust mitigation technology comple-
mentary to already well established active and passive dust mitigation
technologies [12]. It is important to note that there is no single dust
mitigation technology that can solve all dust induced problems [5].
Nonetheless, complaint mechanisms, used as a replacement of rigid-
body mechanisms, can eliminate the wear and performance decline
associated with increased friction and jamming. Furthermore, com-
pliant mechanisms can be designed and manufactured as monolithic
pieces and are good candidates for additive manufacturing: this is in
line with ESA’s interest of in-space manufacturing.

The use of compliant mechanisms in space, to date, is limited.
Although some notable examples of compliant pointing mechanisms
and large-angle flexure pivot were proposed in the literature [15–17],
they have not been included in any space mission yet. The compliant
mechanisms used in the space hardware today are usually located in
scientific payloads as presented in the literature [18–24]. The applica-
tion of flexures usually in conjunction with traditional mechanisms can
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Fig. 3. Rigid body hinge (a), and various designs of compliant hinges (b) and (c).
increase the precision while enhancing volume reduction. Moreover, to
the best of the knowledge of the authors, there has been no reported
work looking into the design of 3D printed lunar surface EVA hardware
featuring compliant mechanisms for dust mitigation. This is a novel
method of dust protection from wear of mechanical kinematic pairs
which usually leads to increased friction and jamming. The implicit
dust mitigation methodology proposed here can be directly included
in the design process of hardware development and minimize the
post manufacturing enhancements (coatings, seals etc.). This paper
explores the feasibility of using such an approach and demonstrates that
compliant mechanisms can be a viable option to develop dust resilient
EVA equipment for the future lunar missions.

2. Design methodology for compliant mechanisms

Rigid-body mechanisms require multiple components connected by
kinematic pairs to achieve motion, whereas in compliant mechanisms
this can be done with a single component. This brings great advan-
tages from a manufacturing perspective: compliant mechanisms can be
designed and fabricated as monolithic pieces, reducing assembly times
and costs. In compliant mechanisms elastic deflection is used to obtain
motion, avoiding inter-element friction, reducing tribological wear,
eliminating the need for lubrication and reducing maintenance [25–
27]. The effectiveness of lubrication in space tends to diminish over
time due to evaporation of liquid lubricants and surface wear of dry lu-
bricants [28]. Slow degradation of lubrication has a detrimental impact
on the operations of the mechanism, affects its precision and reduces
the lifetime of the mechanism. Complaint mechanisms do not need
lubrication and therefore are immune to this problem. Furthermore,
they are suitable candidates for high precision applications [29–31].

An example of conventional rigid body hinge compared to com-
pliant hinge designs is presented in Fig. 3. The input work supplied
to a compliant mechanism is partially stored as elastic energy in the
material, and once the input is removed the mechanism can spring back
to its original shape. This makes compliant mechanisms particularly
well suited to replace traditional spring loaded mechanisms. As such,
compliant mechanisms with localized compliance, visible as flexures
(thin material areas), can be modeled as rigid body hinges with torsion
springs applied in each joint (to mimic the elastic energy stored in the
compliant hinge). This method can be used for designing complaint
mechanisms and is known as the Pseudo-Rigid-Body method [32].

From the topology synthesis point of view, designing compliant
mechanisms is more challenging than designing rigid body mecha-
nisms, especially when compliant mechanisms with intricate designs
are necessary. To reduce complexity, various analytical methods have
been developed. A high-level overview of these methods can be found
in Fig. 4. The works of Howell et al. [25] and Hopkins and Culpep-
per [33] detail the capabilities and limitations of such methods. Analyt-
ical methods have the advantage of being more intuitive to those who
are familiar with designing rigid body mechanisms. The first subgroup
of analytical methods – Rigid Body Replacement Method (RBRM) [32]
– replaces hinges and other kinematic pairs with compliant hinges and
flexures. This approach relies on the existence of an initial rigid body
148

design. The final shape is typically very similar to the original design
and excludes potentially more effective solutions that would require
larger portions of the mechanism to be compliant.

Two additional analytical methods – Freedom And Constraint Topol-
ogy (FACT) [33] and Building Blocks Approach [34] – use libraries
of compliant elements or sub-mechanisms to achieve relative displace-
ment with one or more compliant elements that together fulfill the
desired kinematic function. This can be a very effective design approach
because it follows similar steps to designing rigid body mechanisms.
Overall, the existing analytical design methods show good potential
and can help to synthesize solutions in an effective and fast way while
giving the designer a great deal of flexibility in terms of sub-mechanism
selection. In Section 3.2 an example of the design obtained using the
analytical method from the Building Blocks Approach will be presented.

Several works propose the use of topology optimization as an al-
ternative design approach for compliant mechanisms. Topology opti-
mization is a method that aims at identifying the optimal material
distribution for given boundary conditions [35]. The problem is for-
mulated in terms of an objective function and design constraints. In
static structure optimization, topology optimization aims at maximizing
stiffness. This can be achieved directly by maximizing the stiffness or
indirectly by minimizing displacement or compliance. For a model with
prescribed loads this results in considerably stiff structures. Common
design constraints are volume fraction, mass fraction or total mass.
Topology optimization capabilities for static structures are available in
commercial mechanical design software packages. However, topology
optimization for compliant mechanisms in commercial software is in its
early stages and is less user friendly when compared to static structures
topology optimization.

Intuitively, when designing a flexible element the designer is
tempted to maximize compliance in order to enhance flexible dis-
placements. However, this approach is far from ideal: if maximum
compliance is sought, this would result in a design that contains
mostly void space. This is due to the fact that in all commercial
software packages for topology optimization known to the authors void
spaces do not have zero Young’s modulus. For numerical stability, it is
necessary to set the Young’s modulus of void spaces to a very low value.
As such, empty design domains have very low stiffness and solvers
could still present them as viable outcome topologies. Furthermore,
forcefully maximizing the compliance could also result in areas where
some material is disconnected from the rest of the mechanism (in
reality it is connected through voids or material with low densities and
Young’s modulus). Finally, by simply focusing on compliance, one can
overlook important design requirements. For example while designing
a compliant gripper it is desirable for the gripper to be flexible enough
to deflect in response to the input of the operator but also stiff enough
to grab and hold the target object [36]. The need to balance stiffness
and compliance under specific conditions complicates the formulation
of the objective function for complaint mechanisms.

Saxena and Ananthasuresh [36] explored several formulations of
the compliant mechanism objective function. The formulations pre-
sented there are a combination of Mutual Potential Energy (MPE)
and Strain Energy (SE). Other notable formulations from the literature
include Geometric Advantage (GA), Mechanical Advantage (MA) and

Mechanical Efficiency (ME) [37]. To date, a standard best practice
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Fig. 4. Design methods used to synthesize compliant mechanisms.
formulation approach has yet to be identified. Furthermore, different
objective functions for topology optimization of compliant mechanisms
tend to result in similar topologies [38]. In the majority of formulations,
additional boundary conditions are typically applied to the output
and/or input node of the mechanism. Those additional boundary con-
ditions are represented as restoring forces from springs with stiffness
constants 𝑘𝑖𝑛 and 𝑘𝑜𝑢𝑡. More details on this topic can be found in the
works from Bendsoe and Sigmund [39], Ansola et al. [40] and Cao
et al. [41]. The selection of appropriate spring stiffness values can
pose a challenge. Inappropriate selection of external spring stiffness
can cause problems with convergence of the solution or result in a
final topology with voids between input and output. Existing literature
provides useful guidelines on the selection of such stiffness values [37].

The approaches for topology optimization mentioned above are
often used in MatLab scripts and are not always easily transferable to
commercial software. Furthermore, such formulations are force driven.
As an alternative, a simple and versatile topology optimization formula-
tion for flexure synthesis has been presented by Koppen et al. [42]. The
aforementioned work focuses on a formulation meant to satisfy short-
stroke flexure design and it is displacement driven. It focuses on strain
energy under prescribed displacements and, since it is meant to be used
with small displacements, it assumes a linear stress–strain relationship.
This formulation can be used in conjunction with commercial software
— in this work it is used with HyperWorks.

The methodology of Koppen et al. [42] used for flexure design uses
multiple loading cases — one to maximize stiffness in the direction
opposite to desired movement (also referred to as degree of constraint),
and another to define maximum stiffness (or compliance) for a loading
case with the desirable deflection behavior (degree of freedom). The
load cases are defined using prescribed displacements rather than forces
which is the reason why compliance and stiffness are proportional,
unlike in force driven designs (where compliance is the inverse of
stiffness). This point is further investigated in [43,44] where the load
versus displacement driven optimization is explored. In this work, the
presented mechanisms synthesis is displacement driven and therefore,
like in the work of Koppen et al. [42], maximizing the compliance (or
strain energy) leads to the maximization of stiffness. Here, this method
is adopted to synthesize a compliant mechanism, namely the compliant
gripper presented in Section 3.1.

3. Case study: lunar gripper

Selected approaches discussed in the previous section are applied
to an example mechanism, demonstrating the feasibility of replacing
rigid-body mechanisms in lunar hardware with compliant mechanisms.
One of the geological tools from the Apollo program, namely the
Tongs, is here reproduced using compliant mechanisms. This has been a
critical tool for the Apollo missions since the astronauts’ spacesuits did
not provide enough dexterity to allow them to pick up rock samples
from the ground without any tools. The Tongs were used to collect
rock samples with diameters smaller than 10 cm [45]. Fig. 5 presents
astronaut Charles Conrad Jr. using the tool to pick up a rock sample on
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Fig. 5. Tongs used by astronaut Charles Conrad Jr. during the Apollo 12 mission [47].

the lunar surface. This geological tool was one of the most successful
tools and was the only one present in every surface Apollo mission [46]
(see Fig. 6, taken by the authors). The kinematic behavior of the Tongs
was quite simple: the mechanism was spring-loaded, by pulling the
T-bar handle the astronaut could open the jaws of the Tongs and by
releasing the handle the jaws were closing. In the default position,
the jaws were closed as shown in Fig. 6. The position of the output
(the jaws) was determined by the position of the input (the handle),
therefore for the present discussion the design of this mechanism is
displacement driven.

Since a compliant mechanisms will store elastic energy when de-
formed, no spring-loading is needed. It is also likely that achieving large
displacements might be more challenging for compliant mechanisms
than for rigid-body mechanisms of similar size. That is why, it is
assumed that the default position of the gripper is not closed, but
open, to extend the range of motion. Usually compliant mechanisms
have limited motion range therefore, to achieve larger range, although
the gripper’s equilibrium position is open, the compliant Tongs are
designed to be able to open even further. The direction of input
displacements will determine if the gripper will close or open its jaws:
the mechanism is designed to exhibit output motion mainly in the
horizontal direction in Fig. 7, where a conceptual model of such gripper
is presented. In Fig. 7 a representation of the pulling input force (jaws
opened) and pushing input force (jaws closed) is provided. Compliant
mechanisms present a good aptitude to scalability [48] and for this
demonstration a compliant mechanism smaller than the Apollo Tongs
is selected. The gripper designs presented here can grasp objects up to
4 cm wide, which is around half the size of the samples collected by
the Apollo Tongs. The designs presented here can be easily re-scaled to
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Fig. 6. The training replica of Apollo Tongs, photographed in ESA’s European Astronaut Centre.
Fig. 7. Functionality of complaint gripper. From left to right: pulling on the input – opening the gripper, default gripper position, pushing on the input – closing the gripper.
the size of Tongs, but to facilitate the manufacturing and experimental
campaign in Sections 3.1 and 3.2, in this work only the scaled version
will be considered.

As discussed in Section 2 multiple approaches to design complaint
mechanisms exist: here the methodology to design the compliant grip-
per following the instant center approach (analytical method) and topol-
ogy optimization are presented, highlighting the difference between the
two approaches and assessing the performance of the resulting designs.

3.1. Topology optimization of compliant gripper

The design presented in this section utilizes topology optimization
and the two loading cases method described in Section 2. The problem
was formulated using the commercial software HyperWorks OptiStruct.
The gripper was designed using material parameters of Thermoplastic
Co-Polyesters (TPC). It has been selected for its availability for 3D
printing and fast prototyping. It is a good rapid prototyping alternative
to the other flexible material that was used in the Apollo equipment
— fluorosilicone [45]. The expected mechanism volume was set to
40% of the design domain. The input–output behavior was already
discussed in Section 3. As shown in Fig. 8, half of the gripper is
modeled (assuming its symmetry); the input force is located at the
top left corner of the design domain and the output point is expected
to be at the right edge of the domain. In this formulation of the
topology optimization, a GA is indirectly selected while defining the
prescribed displacements. Assuming that the base requirement is that
the input displacement is comparable to the output displacement, the
optimization is initiated with a target GA of 1 (i.e., input displacement
equal output displacement). For sake of simplicity here a unitary input
displacement is considered. The design has been developed considering
the following boundary conditions: bottom left corner fixed; top edge
free in the horizontal direction and constrained in the vertical direction.

Optimization objectives and optimization constraints are presented
in Table 2. The mechanism needs to be compliant enough to support the
deformation defined by loading condition 1 (expected displacements)
and stiff enough in the opposite direction — defined as load case 2. The
objective for the optimization process is maximizing the stiffness of load
case 2. It is important to note that for force driven designs compliance
is the inverse of stiffness. As the mechanism design is displacement
150
Table 2
Summary of objective and constraints applied to the modeled load cases.

Load case

1 2

Objective – Maximize compliance

Constraints Compliance ≤ 0.1 N mm –
Volume fraction ≤ 0.4

driven, the stiffness is proportional to both compliance and strain
energy. The difference in the compliance vs. stiffness relationship for
force and displacement driven designs is explained in the user manual
of the HyperWorks OptiStruct software version 2022 [49]. In the case
of the design presented in this work, compliance is maximized as an
objective of the optimization process. There are also two optimization
constraints in this procedure. The first one is based on load case 1,
which ensures enough flexibility and therefore constrains the stiffness
— here equivalent to compliance. The compliance of the design for load
case 1 shall be smaller than the defined upper bound (here 0.1 N mm).
Finding the appropriate upper bound is dependent on the material and
users should scope various values to select one that yields satisfactory
results. If the value is too large the mechanism will behave almost like
a static structure (not capable of deformation), and if it is too small the
simulations may encounter convergence problems or generate results
with very localized flexure hinges and/or intermediate densities. The
last optimization constraint assumes maximum volume fraction: this
constraint is defined for the whole design domain and is not specifically
linked to any load cases.

Fig. 9 shows the summary of evolution of the design during the
simulation that was run for 50 iterations. The maximum limit of
iterations for this simulation was set to 100, but the simulation reached
the software convergence criterion after 50 iterations and therefore
stopped. In HyperWorks the default convergence criterion is based on
the relative change in the objective function. If between two design
iterations the change in objective function is less than 0.5%, then the
optimization stops. The volume constraint has been set to a value of
40% therefore the design process starts with a material density equal
to 0.4 times the density of TPC material (pseudo density = 0.4). The
software used utilizes the SIMP method (Solid Isotropic Material with



Acta Astronautica 203 (2023) 146–156D. Budzyń et al.
Fig. 8. Load cases and the design domain of compliant gripper for topology optimization.
Fig. 9. Topology optimization compliant gripper evolution of density color map, i - number of iteration (starting with 0). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
Fig. 10. Optimized compliant gripper 3D printed with TPC.

Penalization). In this method pseudo density is the design variable. The
pseudo density value can have any value greater than zero and smaller
or equal to one. This method uses power penalization to morph ele-
ments into one of the desired states (void – approaching zero and solid
– approaching one). The stiffness of each element in the design domain
is a function of penalized pseudo density multiplied by the stiffness of
the design material. More details about the methodology can be found
in literature [39,50,51]. In the context of manufacturing the pseudo
densities do not have a good physical representation, i.e., elements of
density below one should have mechanical properties that scale down
with the pseudo density. In reality, when 3D printing with lower infill
this requirement is not satisfied because the stiffness is not proportional
to the infill. In the last iteration of the topology optimization interme-
diate pseudo densities are present — see Fig. 9. Since it is impossible
to manufacture intermediate densities appropriately, a binary approach
has been adopted where pseudo densities below 0.75 have been filtered
out and replaced with voids and pseudo densities equal and above
0.75 have been replaced with full density TPC. The threshold value is
generally chosen by the designer to maintain a good balance between
ensuring that all the parts of the design are connected – if the threshold
is too high design can split into multiple components not connected
to each other – and the compliance of the flexures is preserved —
if the threshold is too low, more material is added to the flexures,
which increases their stiffness. The final design was also equipped with
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mounting holes and gripper claws. The 3D printed gripper is visible in
Fig. 10.

To demonstrate the kinematic behavior of the grippers displacement
driven tests were conducted. The input of the gripper was connected
to the linear displacement screw-nut mechanism. Such an input would
not be a suitable mechanism to be used on the Moon, but the selection
of a suitable drive is outside of the scope of this work. The input
mechanism of this type was selected as it is cost-effective, and provides
reliable positioning and accuracy. The output displacement values are
determined by Digital Image Correlation (DIC). The software used for
image post-processing was the openly available ImageJ.

The measurements from the deformation tests are presented in
Fig. 11. The data is marked in red when pushing - which results in
the output ports to come closer together and the jaws of the gripper
to close, and in blue when pulling - moving the output ports further
away from each other. The standard deviation of the measurements
is relatively small and therefore cannot be presented in the figure.
The maximum standard deviation calculated for data presented in
Fig. 11(a) equals 0.22 mm. The slope of the linear regression in the
same figure provides a measurement of the GA, i.e. the ratio between
output displacement in the desired direction (here horizontal: 𝑑𝑜𝑢𝑡𝑋) to
the input displacement (𝑑𝑖𝑛). An achieved GA value of 1.479 is higher
than a GA equal to 1 which was a result of initial boundary conditions
(displacements). Obtaining a certain GA is not an objective of topology
optimization methodology presented here, and the difference is not
an unusual development. Achieving a GA value higher than the one
resulting from prescribed displacements, in this case, is desirable as
the input displacement required to achieve the same output range
decreases. Fig. 11(b) shows the motion path of the output port located
on the right jaw of the gripper - the coordinate frame is marked in the
same sub-figure. This point is also a center point for the measurements,
which means that the gripper closure results in negative values along
𝑥-axis. Maximum standard deviation for the data presented in Fig. 11(b)
equals 0.72 mm in X direction and 0.48 mm in Y direction. It is
visible from Fig. 11(b), that the output port exhibits both horizontal
and vertical movement. The range of y-motion is equal to 36% of the
motion in the 𝑥-direction. Although the desired motion is only in the
horizontal direction no constraint has been applied to limit the vertical
motion: this is to provide a fair comparison with the analytical design
presented in the next section. It is fair to say that any vertical movement
can be considered as a reduction in efficiency, nonetheless the expected
horizontal movement is dominant.
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Fig. 11. TPC gripper kinematic behavior; graphs based on three tests and the mean of measured values; 𝑑𝑖𝑛 - input displacement; 𝑑𝑜𝑢𝑡 - output displacement. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 12. Various deflection stages of the TPC gripper with undeformed blue shape visible in the background. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
Fig. 12 presents three different stages of the TPC gripper defor-
mation: unreformed, open and close. The blue shade in the back-
ground represents the undeformed gripper and showing that the desired
kinematic behavior was achieved.

3.2. Analytical compliant gripper design

In this section the instant center approach is utilized to obtained a
design of a compliant gripper. More details on this method and its use
can be found in [52].

Fig. 13 shows the design steps taken to synthesize the final design
presented in Fig. 14. The first step shows the definition of the design
domain (gray) including the input and output points with their desired
input displacement 𝑑𝑖𝑛 and output displacement 𝑑𝑜𝑢𝑡. In the second step,
dashed lines are added, perpendicular to the expected input and output
displacements directions. These lines determine the position of flexures
to be added in the last design step. An ancillary point is then selected
with an arrow showing the direction of movement of the selected point,
this is marked with a blue ‘X’ in Fig. 13. The rules for the selection of
this point and its direction are not well defined and mostly rely on the
152
experience of the designer. Here a point close to the outer perimeter
of the design domain has been selected to maximize the length of the
flexures, minimize the stress, and maximize the displacement. A line is
drawn perpendicular to the direction of movement (blue fine-dotted
line) through this point, this line crosses the previous dashed lines
producing two additional points - they are the centers of rotations of
the ‘‘building blocks’’ of the design. The last step involves filling this
geometry with design elements (in green in the final step). Here, the
triangular elements provide rigidity to the mechanism whereas the thin
long green elements are flexures and act as compliant elements.

This method does not require to define specific GA value at the
design stage and therefore the resulting GA will differ from the one
obtained in topology optimized gripper. Nonetheless, the geometry
is quite simple and therefore it is easy to analytically determine the
Geometric Advantage (GA) once the geometry is sketched. GA is the
ratio between the output and the input displacement and depends on
the distances between input (𝑃𝑖𝑛), output (𝑃𝑜𝑢𝑡), the ancillary point
(𝑋) and centers of rotation (𝑅1 and 𝑅2) as shown in Fig. 14(a). The
polylactic acid (PLA) 3D printed gripper prototype is presented in
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Fig. 13. Design steps of the instant center approach for a compliant gripper design. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
Fig. 14. PLA compliant gripper. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 14(b). PLA was selected for its ease of use with additive man-
ufacturing technologies. Furthermore, PLA based composite materials
enriched with lunar regolith particles are now under development in
several research groups [53,54].

The displacement tests performed on this gripper are the same as
for the previous design. The resulting displacements are presented in
Fig. 15. Similarly to previously discussed tests of topology optimized
gripper, the input displacement is marked in red when pushing and in
blue when pulling on the gripper input. Maximum standard deviation
for data presented in Fig. 15(a) equals 0.22 mm. In Fig. 15(a), it
can be observed that around 1 mm of input displacement hysteresis
is present. Nevertheless, the remaining part of the curve indicates
a linear relationship. The linear regression gives a value of GA of
2.573 which is comparable to the value of 2.58 calculated using the
distances from the center of rotations as discussed above. Fig. 15(b)
displays the motion path of the output port located on the top right
- coordinate system marked on the undeformed gripper in the same
figure. Maximum standard deviation for values in X direction equals
0.49 mm and for Y direction 0.62 mm. It is visible that the horizontal
153
direction is dominant, as was intended at design stage. The paths for
closing and opening the gripper are very close to one another. The
different stages of the gripper deformation are presented in Fig. 16 with
the blue shade representing the undeformed (unloaded) gripper in the
background.

4. Conclusions

Lunar dust poses a challenge for surface hardware design. In this pa-
per we propose the application of compliant mechanisms as an implicit
dust mitigation technology that eliminates the dust-sensitive aspects of
equipment, specifically rigid-body mechanisms prone to jamming. The
compliant mechanisms are free of inter-element friction and therefore
can be exposed to dust without the degradation of performance that is
typically observed with the rigid-body mechanisms with accumulation
of dust. To demonstrate the feasibility of using compliant mechanisms
for EVA hardware we used the Apollo geological tool, Tongs, as an
example. For this purpose, we adapted two design methods for com-
pliant mechanisms to synthesize compliant grippers that could replace
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Fig. 15. PLA gripper kinematic behavior; graphs based on three tests and the mean of measured values; 𝑑𝑖𝑛 - input displacement; 𝑑𝑜𝑢𝑡 - output displacement. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 16. Various deflection stages of the PLA gripper with undeformed blue shape visible in the background. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
the aforementioned tool. This case study demonstrates that compliant
mechanisms represent a viable option for designing lunar hardware
and can be considered for future lunar missions. The use of compliant
mechanisms can minimize maintenance efforts, avoid degradation in
the performance and, as demonstrated here, with appropriate design
considerations replace existing traditional mechanisms. The new de-
signs presented in this work satisfy the motion pattern expected of a
gripper.

The gripper designs presented here could be used to grab objects
(for example rocks) with sizes up to 40 mm. The designs are fully
scalable and could be manufactured with different dimensions to target
different sample sizes. The shape of the jaws affects the grasping
capabilities, but it is not investigated here as it is beyond the scope of
this work. Here we aim at demonstrating the suitability of complaint
mechanisms for lunar EVA equipment with improved dust resilience.
In addition, using 3D printed polymers could save mass, enable in-situ
repair – mechanisms consisting of a single element are easy to 3D print
and do not require assembly – and allow for reusability of materials
which could result in a reduction of mass in future missions.

It was demonstrated that different approaches - topology optimiza-
tion vs. instant center approach - result in different gripper designs, but
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both are valid options. This shows that compliant mechanisms can also
offer a wider range of design solutions.

Another aspect worth looking at is the ratio between vertical and
horizontal output displacement. For the gripper design, in general, it is
preferable to have higher values of horizontal output displacement. In
the case of an analytically designed gripper the ratio between vertical
and horizontal output displacements is equal to 0.12. For the topolog-
ically optimized gripper this ratio is equal to 0.36. This means that
the topology optimized gripper provides more motion in the vertical
direction - this component of the motion does not contribute to the
gripper closure. However, both grippers achieved the desired kinematic
behavior: the linear input displacement achieved to open and close the
gripper as desired. This work also demonstrated that there are multiple
well established approaches for the synthesis of complaint mechanisms:
these can support the design of the next generation of lunar EVA
equipment. Our work also provides a strategy to embed implicit dust
mitigation solutions at the design level, allowing for the development of
hardware with improved performance for the lunar environment. The
authors acknowledge that further investigations on the materials that
can be used in the lunar environment and their interaction with regolith
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is necessary: this is beyond the scope of this work and will be the focus
of future research.
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