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The “Heat Flow Property Package Instrument” (HP3) is part of NASA’s current Mars mission “InSight”, which was launched in
2018 and currently operates on the surface of Mars. The instrument needs to remain at its initial position and orientation
during operation. Although the landing site can have significant tilt and can be covered with low cohesion soil, any mechanical
excitation might make the instrument slip. Therefore, the instrument is using a tailored feet design, which can withstand lateral
loads. Future instruments might require higher resistance against slip. This can be due to stronger tilted landing sites or due to
higher shocks emitted from stronger penetration probes. This paper introduces a novel design for those instruments based on
the idea of the “spaced-link track” of Bekker to further minimize slippage. This design concept is originally used on tracks of
heavy machinery. It is presented how the major design feature can be incorporated into the current design. A newly developed
analytical-numerical model is utilized to estimate the track force of the new design. The paper closes with a design study at
which the new design and the current design are compared to each other for different sized feet.

1. Introduction

The “Heat Flow Property Package Instrument” (HP3) [1] is
used tomeasure the temperature gradient of theMartian crust
using a hammering penetration probe. The instrument is part
of NASA’s current Mars mission “InSight” [2], which was
launched in 2018 (see also Figure 1). The instrument is
deployed by a robotic arm [3] to the surface of Mars. After-
wards, it operates mechanically independent from the lander
on the surface. A tailored feet design [4] ensures position
stability on the surface during the hammering of the penetra-
tion probe. The current feet design provides sufficient track
resistance for this mission. The slippage resistance needs to
be increased for future missions due to potentially stronger
penetration probes or stronger tilted landing sites. Complex-
ity level and mass shall remain similar to be in accordance to
the mission requirements. The HP3 instrument uses four,
rigid, circular feet as contact interface to the soil. The design
resembles a turned-around cup. The paper studies the modi-
fication of the current shape by incorporating design elements

of the “spaced-link track”. The spaced-link track concept was
introduced by Bekker [5] in the 1960s. He showed that heavy
agricultural and military machinery equipped with spaced-
link tracks can have significantly better performance as others
with conventional tracks on soft ground. Though it is studied
within this paper, how the performance of the feet increases, if
the design is adapted to a spaced-link track design. The paper
starts with the introduction of Bekker’s spaced-link track and
its analytical track force estimations. Though the analytical
equations are more convenient to be used, they use empirical
factors derived for large scale applications under earth gravity.
Hence, a new numerical model based on the FEM is intro-
duced, which can be scaled to different gravities and dimen-
sions. The paper continues with the presentation of the new
design incorporating Bekker spaced-link track. (Semi-)ana-
lytical models to estimate the slippage resistance are derived
for both designs. Those are used to study the theoretical
performance of the designs. The paper closes with the
presentation of the results and the final recommendation
for further proceeding.
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2. Bekker’s Spaced-Link Track

Tracks are used on heavy machinery to ensure their mobility
on soft or muddy terrain. They provide enough resistance
against sinkage due to their large contact area. Their blades
penetrating the soil ensure forward traction. Research on the
shape of those tracks is done since the beginning of the last
century. In the 60s, Bekker published his idea of a differently
designed track called the “spaced-link track” [5]. Bekker
showed that vehicles equipped with those tracks can generate
significantly more traction. At that time, tracks used on earth-
moving machinery or tanks are based on L-shaped cleats,
which are arranged very close to each other (Figure 2(a)).
Bekker discovered that a track can have a significant higher
track force if the distance between the cleats is increased until
the resulting shear failure area is not interferingwith any other
cleat. Figure 2 shows the comparison between a conventional
track and a spaced-link track. It can be seen that the total
rupture area of the spaced-link track in front of the cleat is
larger than on a conventional one. A larger soil rupture area
increases the track force significantly. This effect is mainly
driven and influenced by the combination of the gravitational
pressure and the horizontal pressure on the cleat during track.

2.1. Analytical Analysis of Bekker’s Spaced-Link Track.
Bekker derived analytical equations for a spaced-link track
based on the logarithmic spiral method in combination with
a virtual wall. He assumed that the horizontal track force (H)
and the vertical weight-force (W) lead to a virtual wall, from
which he could derive the reaction forces based on Terzaghi
[7] passive earth pressure theory. He used a logarithmic
spiral curve starting from the bottom of this wall to derive
the total length ls. The analytical equations are based on indi-
vidual soil properties and the geometry of the foot and cleat.
The soil properties are the specific weight (γ), cohesion (c),
and friction angle (ϕ). The geometry of the foot is repre-
sented by the total length (ltotal) and the total width (bs). As
it can be seen in Figure 3, the cleats are specified by the height
(hs) and the length (ss). Hereafter, Bekker’s equations
presented in [5] are repeated without derivation. A detailed

derivation of the equations can be found in [5]. The total
track force (Htotal) of one track is given by:

Htotal =Nsbsss cnc + γzjnq + γnq
W

Nsbsssks

� �1/n
+
1
2
γssnγ

 !
sin θð Þ + 2ΔH,

ð1Þ

to complete the calculation one needs to include the addi-
tional track force (ΔH) from shear stresses at both ends of
the track:

ΔH =Nsγ πl3s 90 − ϕð Þ tan 45 −
ϕ
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Furthermore, the total sinkage of the track z, which is a
combination of the initial sinkage zs and the sinkage during
track zj, must be also considered.

z = zj + zs

z j =
j W −Nsbsss cNc +Nqγ W/Nsbsksð Þ1/n + 1/2γssNγ

� �� �
Htotal +NsNqbsss j
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The number of cleats on a track (Ns) is given by:

Ns =
ls + ltotal
ls + ss

: ð4Þ
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Figure 1: Left: artist’s illustration of the InSight lander on the surface of Mars (Image Credit: NASA/JPL [6]). Right: the HP3 instrument
flight-model in DLR cleanroom environment.
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θ represents the resulting force angle, which is defined by:

θ = arctan
Htotal
W

� �
: ð5Þ

The total length of the rupture area (ls) can be derived
using:

ls =
ss exp 270 − 2θ − ϕð Þ/114:6 tan ϕð Þ cos θð Þ + hs/ssð Þ sin θð Þð Þffiffiffi

2
p

cos ϕ/2ð Þ − sin ϕ/2ð Þð Þ
:

ð6Þ

Ns, Nγ, and Nq are experimentally determined and pub-
lished by Bekker in [5]. Additionally, the coefficients nc, nq,
and nγ are used, which are experimental parameters from Ter-
zaghi passive earth pressuremethod published in [7]. The total
track resistanceHtotal cannot be directly derived from equation
(1) as Htotal is also needed to derive zj. Therefore, Bekker pro-
posed an iterative solution process, at which the total slippage
and the spacing ls is assumed prior to calculation. The itera-
tive solution will be recapped here for completeness:

(i) Assume slippage j and ls

(ii) Calculate zs using equation (3)

(iii) Assume one value for Htotal

(iv) Calculate zj using using equation (3), θ using
equation (5), z using equation (3) and ΔH using
equation (2)

(v) Calculate new Htotal using equation (1)

(vi) Compare the assumed and calculated values for
Htotal. Change the assumption and repeat step 2. to
5. until ðHassumed −Hcalculated/HcalculatedÞ < ϵ. At
which ϵ is chosen between 0.01 and 0.05

2.2. Finite Element Analysis of Bekker’s Spaced-Link Track.
Bekker’s analytical expressions for the force generated by a
track and the spacing between the cleats were shown in the
previous chapter. Though the analytical equations are more
convenient to be used, they use empirical factors derived
for large scale applications under earth gravity. Hence, a
new numerical model based on the FEM is introduced, which
can be scaled to different gravities and dimensions. Since the
time Bekker derived these equations, numerical methods
were developed extensively. Therefore, it became a usual
practice to use those to investigate even more complex prob-
lems. One of those methods is the Finite Element Method in
combination with an elasto-plastic material model. Many
researchers [8–10] did apply this numerical method to their
problems and validated its general applicability. Therefore,
this publication continues using a finite element model of
the spaced-link track to determine the needed design
parameters for the foot. The FEM model represents a two-
dimensional model of one cleat in order to reduce complex-
ity. The total track force is derived analytically by
extrapolation.

2.2.1. Material Model of the Finite Element Model. Material
elasticity is based on the isotropic material parameter of the
soil. Plasticity is incorporated by including a failure criterion
to define a limit for the elasticity behavior, a flow rule, which
gives the stress-strain relationship in a plastic state and a con-
sistency criterion to avoid that stress is exceeding the yield
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Figure 2: Comparison between a conventional track (a) and Bekker’s spaced-link track (b). Figures taken from [5].
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Figure 3: Description of the geometrical parameters, virtual wall, and the rupture line of a single cleat.
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limit. Failure criteria can be generalized as a closed surface in
three-dimensional principal stress space (see [11]). There are
various failure criterions available in the literature, which are
usually based on the parameters of the Mohr-Coulomb
model. For example, see [12–16]. One of them is the
Drucker-Prager failure criterion proposed by Drucker and
Prager in 1952 [17]. It is similar to the von-Mises failure
criteria, but does additionally account for the influence of
the hydrostatic pressure [11]. This criterion is widely imple-
mented in numerous commercial finite element software
packages as it has a conical shape in the three-dimensional
stress space, which can be integrated into numerical solvers
easily. The Drucker-Prager material model is defined in the
three-dimensional stress-space as follows:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
6
⋅ σ1 − σ2ð Þ2 + σ2 − σ3ð Þ2 + σ3 − σ1ð Þ2	 
r

= A + B ⋅ σ1 + σ2 + σ3ð Þ
ð7Þ

The parameters A and B are defined in relation to the
Mohr-Coulomb failure criterion. In literature, they are
defined such that the cone of the Drucker Prager failure
criterion inscribes, middle-circumscribes, or circumscribes
the hexagonal-shaped cone of the Mohr-Coulomb failure
criterion [16]. The mathematical formulation of the parame-
ters can be found in Table 1 derived from [18].

For the numerical analysis, the inscribing configuration
of the Drucker-Prager parameter conversion is chosen, as it
provides the best fit to the measurements.

2.2.2. Modelling of Bekker’s Spaced-Link Track. The numeri-
cal modelling is performed in ANSYS 16.0. The analysis
approach is used by [8, 9], or [10] and is common practice
for such soil problems.

(1) Model Description. A fully parametrized 2D FEMmodel is
developed for ANSYSMechanical to determine the total reac-
tion force of one cleat. The model assumes that the height of
the cleat in the soil is much smaller than the total width of
the track. The mesh has a shape of a rectangular surface with
a cut-out at the upper left corner. The total mesh dimensions
depend on the height of the cleat: the total width is ten times
the lengths (ss) of the cleat; the total height is five times the
depth (hs) of the cleat. The element size at the outer edges of
the mesh is chosen very coarse (about 1/10 height of cleat).
The element size is reduced drastically towards the upper side
(+Y) of the model to increase accuracy at the area, where the
highest stresses are expected. At the corners of the cut-out,
which is also in contact with the cleat, the element size is addi-
tionally reduced to reduce singularity effects. Figure 4 shows
an overview of the FEM model with its refined mesh and the
boundary conditions. The displacements of the nodes at the
+X, -X, and -Y sides of the model are blocked towards the
orthogonal direction of the edge. The nodes at the -Y side of
the cut-out are assigned to have a constant displacement
towards -Y direction in order to ensure a homogenous stress
field without the need of an additional rigid body, which
might interfere with the blade body at the corner of the cut-

out. The soil is modeled as an elastic-plastic Drucker-Prager
material with associated flow rule. The properties of the soil
can be found in Table 2. The displacement of the cleat and
gravity are applied to the mesh simultaneously. The soil is
represented by triangular PLANE183 elements. Rigid
bodies are modeled using a MASS21 point mass and CON-
TA172/TARGE169 elements. Figure 5 illustrates the model-
ling of a single cleat in soil. The cleat is modeled by two
rigid bodies. One rigid body represents the vertical part of
the cleat (rigid body number 1 in the figure), and the second
rigid body represents the horizontal part of the cleat (rigid
body number 2 in the figure). Amass is attached to rigid body
2 in order to generate ground pressure. The independent
nodes of the bodies are related to each other, such that no
relative motion in displacement direction can occur. The
interface properties between the bodies and the soil can be
found in Table 3. This strategy showed very good convergence
behavior. The contact surface to the soil is designed to include
friction using theMohr-Coulomb friction model as described
in [19]. The analysis process is divided into a preanalysis and a
main analysis. The preanalysis uses amodifiedmodel to deter-
mine the displacements of the nodes at the bottom side of the
cut-out. In addition to the blade rigid body, another rigid body
is inserted at the cut-out interfacing with the bottom side. It
has the same mass of the soil, which is missing at the cut-
out. Applying gravity load to the model will now result in
a homogenous displacement field. The displacements of
the bottom side nodes are then passed to the main analysis
and represented by static displacements. The main analysis
is an implicit finite element analysis. The rigid bodies are
displaced in small steps towards the +X direction. During
each displacement step, many equilibrium iterations are
performed in order to account for the nonlinear material
behavior. After each step, the total force is read-out and
stored. The analysis stops, as soon as there is no significant
increase in the reaction force.

2.2.3. Numerical Sizing Process of a Complete Spaced-Link
Track. If the spaced link track is used for tracks, it is of major
importance to choose the spacing between the cleats, such
that the soil failure in front of each cleat does not affect the
next cleat. If not, the spaced link track design would become
a conventional one. Figure 2 in the previous chapter is

Table 1: Parameters A and B depending on the type of surface
surrounding the Mohr-Coulomb yield surface.

Type of Mohr-Coulomb
conversion

Parameter A Parameter B

Circumscribes
6 · c · cos ϕð Þffiffiffi
3

p
· 3 − sin ϕð Þð Þ

2 · sin ϕð Þffiffiffi
3

p
· 3 − sin ϕð Þð Þ

Middle-circumscribes
6 · c · cos ϕð Þffiffiffi
3

p
· 3 + sin ϕð Þð Þ

2 · sin ϕð Þffiffiffi
3

p
· 3 + sin ϕð Þð Þ

Incribes
3 · c · cos ϕð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9 + 3 · sin ϕð Þ2Þ

q sin ϕð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9 + 3 · sin ϕð Þ2Þ

q

[DP_Parameters].
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illustrating a track with sufficient spacing (b) and one with
zero spacing (a). The soil failure line on the conventional
track (a) is described by the line connected by the points C-
A-B, which is similar to a turned around cup design. The
spacing between the cleats (ls) depends on the cleat geometry
ss and the load on each cleat. Driven by ls, the number of
cleats can be calculated depending on the total length ltotal
and the cleat dimension ss(see equation (9)). The number
of cleats on a track with a given length and a total load is cal-
culated iteratively as the final spacing and load per cleat is not
known in advance. A new iterative sizing process is used to
determine the track resistance of a single track. The sizing
process uses the total length (ltotal), the cleat and track dimen-
sions and the load per track (mtrackg) as input. The process
can be described as follows:

(i) Assume ls

(ii) Derive Ns using equation (9)

(iii) Derive mass per cleat using mtrack/Ns

(iv) Build and solve FEM model

(v) Read-out ls

(vi) Compare the assumed and calculated values for ls,
replace ls by the new results and repeat steps 2. to
5. until ls remains similar

(vii) Read-out force per cleat and derive total force

By using this approach the spacing of the track and the
number of the cleats is automatically adjusted to the param-
eter of the global track.

2.2.4. Slippage Resistance Estimation of a Three-Dimensional
Foot. The result of the numerical analysis is a specific force
per unit-width (Fspez) and the adjacent ls. The force gener-
ated by the reference foot is then calculated by:

FBST =Ns bs Fspez, ð8Þ

with

Ns =
ls + acontact/bsð Þ

ls
: ð9Þ

2.2.5. Material Properties. Sandy loam is used as material.
This is mainly driven by drag measurements of the spaced-
link track performed by Bekker in this soil. Bekker published
cohesion and the friction angle of the soil together with the
results of his measurements. The E-Modulus and poisson
ratio needed for the numerical analysis were not published.
Sandy loam consists of clay, sand, and silts in a variable frac-
tion. The individual numbers of E-modulus and poisson
ratio for the materials were shown in [20]. Based on the
given composition of sandy loam derived from the soil
texture triangular [21], a bandwidth of numbers for the
unknown properties is derived: The E-modulus can vary
between 4.4 and 114.8MPa; The poisson ratio can vary
between 0.16 and 0.5. Several analyses were performed with
different numbers within this bandwidth, until the best fit to
the measurements is achieved. The final numbers are shown
in Table 2.

2.2.6. Review of the Analytical, Numerical, and Experimental
Results. Bekker performed field testing of the spaced-link
track using a small track vehicle called the “groundhog”. This
vehicle has two tracks, each with a width of 36 in. and a total
length of 108 in. The cleats have a dimensions of 4 in:× 4 in:
(hs × ss). The spacing (ls) is 14 in. He measured the total track
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Figure 4: Overview of the FEM model with boundary conditions, dimensions, and global interface to rigid body.

Table 2: Soil properties and references used for the finite element
model.

Soil parameter Size Unit Reference

E-modulus 50 000 [MPa] Derived from [20]

Poisson ratio 0.2 [-] Derived from [20]

Density 1540 [kg/m3] [22]

Cohesion 1034 [Pa] [22]

Friction angle 29.3 [deg] [22]
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force Htotal for different loads and compared the measure-
ments to his analytical results. (Details about the test can be
found in [5]).

With the given dimensions, the numerical model is used
to derive the results of the total track force for the same loads
as specified in [5]. Figure 6 shows the numerical results, the
measured results, and the analytical results presented by
Bekker. The average deviation of the numerical results from
the measured values is approx. 3%. The deviation of Bekker’s
analytical results is slightly higher. The numerical model
estimates the total track force especially for higher loads very
well. The analytical results are correct for the middle range of
loads, but overestimate the track for higher and lower ground
pressures. With these results, the numerical model is verified
to be used for further studies. The results furthermore under-
line the better accuracy of the numerical model at higher
ground pressure.

3. Comparison between the HP3 Design and
Bekker’s Spaced-Link Track Design

3.1. The Current Design (HP3). The HP3 instrument uses
four, rigid feet as a contact interface to the soil. A bottom
view of one single foot is shown in Figure 7. The design is
deeply investigated by [4]. It is based on a circular turned-
around cup shape, which sinks into the ground completely
during operation. The force against the slip of this design
can be approximated by the combination of the force from
the shear failure area underneath the foot (acontact) and the
bulldozing force in front of the foot in track direction. The
shear failure underneath the foot is analytically determined

based on the Mohr-Coulomb failure criterion, which was
applied to tracks by [23] before. It is given by:

FMohr‐Coulomb = acontact c +mtotal g tan ϕ: ð10Þ

The total mass at the shear failure plane (mtotal) is the
combination of the foot load and the soil enclosed within
the geometry of the foot (msoil) (see equation (11)).

mtotal =msoil +mfoot: ð11Þ

The bulldozing force generated by one foot is determined
specifically for a unit-width blade. The specific force is then
integrated in track direction at the outer edge of the foot.
The specific force can be estimated by equations presented
by [23] (neglecting surcharge):

FBD = γshb
2Kγ + chbKca − γsh

2
bKse

−S� �
, ð12Þ

with the soil scale index S:

S =
c

γs hb
: ð13Þ

Kca, Kγ, and Ks are empirical factors, which are published
together with the equation by [23]. hb describes the height of
the blade, c the cohesion, and γs the unit weight of the soil.
The force generated by the HP3 foot design can be then
estimated by integrated the specific force from bulldozing
at the outer radius of the foot (R) and the force generated
by shear failure underneath the foot:

FHP3 =
ðϕ2
ϕ1
FBD cos ϕð ÞR dϕ + acontactc + msoil +mfootð Þg tan ϕ:

ð14Þ
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Figure 5: Detailed view of the modelling of a single cleat in soil.

Table 3: Contact properties used for finite element model.

Property Size Unit

Soil-metal friction coefficient 0.3 [-]

Penalty stiffness 1e10 [-]

Tangential stiffness 1e10 [-]

[contactproperties].
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Integrated between ϕ1 = −90 deg and ϕ2 = +90 deg.
This results in:

FHP3 = 2FBDR + πR2c + msoil +mfootð Þg tan ϕ: ð15Þ

3.2. The Modified Spaced-Link Design. The HP3design shall be
replaced by a design based on Bekker’s spaced-link track to
generate more force against slip. The given volume and outer
shape shall remain the same, as those are the result of the avail-
able volume on the lander deck. The available space is circular
with a diameter of about 80mm at available depths of 10mm.
Hence, the linear cleat design of Bekker’s track needs to be
transformed into a circular design feasible with the given
volume. First, the baseline design was transformed by modify-
ing the brim of the current foot design such that it resembles a
cleat. It was investigated secondly, how the remaining inner
diameter can be used for further cleats: At a cleat ratio of
1 : 1 (depths to height), the available diameter becomes
60mm. The required spacing between the cleats is between
16 and 19mm at a contact area of 2200mm2 (see Table 4).
Considering also the cleat geometry itself (another 10mm),
the needed space would consume nearly all available space.
Figure 8 illustrates this problem. The remaining space at the

Figure 7: Bottom view of one HP3 flight-model foot.

Table 4: Results of the numerical analysis of single cleats with unit-
width of Bekkers spaced-link track for Earth and Mars gravity.

Contact area
Force (Earth) ls (Earth) Force (Mars) ls (Mars)
[N/mm] [mm] [N/mm] [mm]

250 0.117 41.5 0.0865 27.5

750 0.089 26.5 0.071 19.5

1500 0.079 21.5 0.066 17.25

2500 0.075 18.5 0.06 15.5

3200

3000

2800

2600

2400

2200

2000

1800

1600
500 1000 1500 2000 5000 3000 3500 4000

Vertical maa (kg)

D
ra

g 
(k

g)

Measurement
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Analytical approximation

Figure 6: Comparison of the total drag between measurement, analytical results (both reprinted from [22]) and numerical results for the
“ground-hog”.

Figure 8: Bottom view of a foot equipped with two cleats.
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center of the foot is just enough to be filled by a thin pin struc-
ture. This pin/cleat structure would only generate very little
slippage resistance as its diameter is very small (see equation
(16)). The inner part of the feet is therefore designed like a
turned-around cup shape instead (see Figure 9).

Same as the original design, this foot design uses a
cylindrical strut as an interface to the structure of the
instrument located at the center of the foot. The length
of the strut can be adjusted to the needed space between
the bottom part of the instrument and the soil. The mate-
rial thickness of the side walls is kept as thin as possible to
ensure a sufficient sinkage of the instrument into the soil.
The performance is estimated with a similar approach as
for the current design: The specific forces per unit-width
are estimated numerically with the model described in
Section 2.2. The results are shown in Table 4. The results
are based on a constant mass of 0.825 kg (mass per foot of
HP3) at a variable contact area. This specific force is inte-
grated at the edge of the foot pointing into track direction.
The force from the enclosed soil is analytically determined
using the Mohr-Coulomb failure criterion in accordance to
equation (10). A top view of the foot and the annotations
can be found in Figure 9.

Fspaced‐link =
ðϕ2
ϕ1

Fspez cos ϕð Þ R − hcleatð Þdφ + π R − hcleatð Þ2c

+ msoil +mfootð Þg tan ϕ:

ð16Þ

Integrated between ϕ1 = −90 deg and ϕ2 = +90 deg.
This results in:

Fspaced‐link = 2Fspez R − hcleatð Þ + π R − hcleatð Þ2c
+ msoil +mfootð Þg tan ϕ:

ð17Þ

4. Results

Figure 10 illustrates the generated track force of both designs
at different gravities (Mars and Earth) and potential foot
diameters. The dotted lines represent the results for Mars
gravity; the full lines represent the results for Earth gravity.
The parameters for the analysis have been selected from
Table 2. The 80mm foot diameter has been extrapolated
based on the given results.

The generated force increases with the available foot
diameter. This result can be explained by the larger circum-
ference of the foot, which increases the area used for bulldoz-
ing (HP3) and for the spaced-link designed edge. This effect is
further explained by the significant larger available area for
cohesion. The generated force under Earth gravity is higher
than the force under Mars gravity. Gravity contributes line-
arly to the Mohr-Coulomb terms of the used equations, and
it also contributes linearly to the force generated by bulldoz-
ing in front of the foot. Hence, a change in gravity also has a
significant influence on the total generated force. The graphs
clearly indicate that the currently used design has better
efficiency than the new proposed design in terms of slippage
resistance. The generated force by the currently used design is
up to 50% larger than the force generated by a foot based on
the spaced-link track. This effect is present for both studied
gravities. The specific bulldozing force can be estimated by
equation (12). Using the soil parameters from Table 2 and
the empirical factors from [23], one can calculate the specific
bulldozing force to 87.7N/m for Earth and 86.7N/m forMars
gravity. The specific force remains constant regardless on the
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Cleat rim

Enclosed 
soil

dF

d 𝜙

x

y

Spaced-link Track 
design element (blue)

Conventional design

Figure 9: Schematic top view of the new proposed design.
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selected foot diameter. The specific force generated by the
front of the foot of the spaced-link track design is high at very
small areas, but drops significantly towards larger contact
areas. The spaced-link track design only generates more force
at very small areas under Earth gravity. The enclosed soil area
of the spaced-link track design is significantly smaller, which
reduces additionally the generated force. Both effects together
decrease the efficiency of the proposed design significantly.

5. Conclusion

The paper studied a new design idea to increase the slippage
resistance of successors of the Mars instrument HP3. The
design idea is based on Bekker’s spaced-link track. The ana-
lytical equations to determine the force generated by a track
are recapitulated. The analytical equations are based on
many empirical parameters, and the accuracy is not known
for other gravities and small scales. Therefore, a numerical
model based on the FEM is introduced and verified based
on experimental results published by Bekker. A new foot
design based on the spaced-link track is proposed. The ana-
lytical estimation to determine their slippage resistance is
presented and used to determine their efficiency for different
foot diameters. It turned out that the efficiency of the new
design is very low, and it can therefore not compete with
current used design. This discards the design from further
studies of foot designs for this instrument. But it shall be
pointed out here that this is mainly driven by the available
little space. Applying the design idea to future instruments
with more space available is reasonable as more cleats can
be used. This might make the design competitive with other.
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