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This paper addresses the problem of investigating promising options for cargo transportation in support of long

duration robotic and human planetary missions. Because the propellant consumption plays a major role in these

missions, we study stopover cyclers that use solar sails to connect the starting and the target planet periodically. To

simplify the problem, circular and coplanar planetary orbits are assumed. Nevertheless, the real optical solar sail

characteristics are taken into account and a comparison is established with respect to an ideal sail model. The

advantages of stopover cyclers over classic cycler trajectories are obtained in terms of lower departure and arrival

velocities, more flexibility in the design of the planet-centered orbit, and the elimination of the hyperbolic rendezvous

without introducing propellant penalties. The feasibility of the proposed methodology is established by simulating

stopover cyclers towardMars, Venus, and Jupiter. A thorough investigation of the obtainable performance is given

as a function of the solar sail optical parameters.

Nomenclature

A = sail area
a = propulsive acceleration
b1, b2, b3 = force coefficients
c, d, e = best-fit approximation coefficients; see Eqs. (17)

and (18)
k = integer multiple
m = sailcraft mass
n = cycler repeat time in synodic periods
n̂ = unit vector normal to the sail
r = sun–spacecraft distance
r̂ = sailcraft position unit vector
Ts = synodic period
t = time
� = pitch angle
�� = dimensionless sail loading
� = polar angle
�� = sun’s gravitational parameter
�0 = reference sail loading parameter
! = angular velocity

Subscripts

min = minimum
p = payload
S = start planet
s = sail
T = target planet
t = time
� = sweep angle
0 = initial
1 = end of S-T phase
2 = end of T-T phase
3 = end of T-S phase
4 = end of S-S phase

� = Earth
♃ = Jupiter
♀ = Mars
♂ = Venus

Superscript

? = optimal

Introduction

T HE renewed interest in solar system exploration for deepening
our knowledge on the formation and evolution of planetary

environment and for the search of new available resources [1–3] will
require the implementation of sustained and affordable robotic and
human programs [4]. To support these initiatives, a number of key
building blocks are necessary. These include substantial testing of
new approaches, systems, and operations, as well as the coordination
of robotic elements and human and cargo transportation systems over
the next few decades or more [5–8]. Newmissions call for the ability
to transport significant payload across interplanetary distances in
reasonable times and with a minimum expenditure of propellant and
hardware to complete the mission. In situ planetary exploration
system capabilities [9–11] also require the development of suitable
infrastructures for mission support, to serve as a base for further
missions and, ultimately, to reduce the total mission costs [12,13].

Cycler trajectories are characterized by periodical encounters
between two planets without the need to stop at any of them [14,15].
Accordingly, cyclers have been proposed as a promising option for
interplanetary transfers that require regular links between two planets
[16], because of their inherent capability of propellant saving. In fact,
cycler trajectories are predominantly ballistic in nature and typically
require small adjustment maneuvers to be maintained continuously.

Most of the research studies have been concentrated on Earth–
Mars cyclers [17–21]. In particular, the Aldrin cycler [22] and the
Versatile International Station for Interplanetary Transport (VISIT)
cyclers [23] have been deeply investigated, even if both of them
present some drawbacks. For example, assuming a 15-year Earth–
Mars cycler, the Aldrin cycler requires a not negligible cumulative
�V for the corrective maneuvers (of the order of 1:5–2 km=s [15]),
whereas VISIT cyclers have rather long revisit times (about five
years, against 26 months of the Aldrin cycler [15]) and require large
approach distances from the target (up to the radius of planet’s sphere
of influence). A possible solution to these problems has been
proposed by Stevens and Ross who, recently, introduced the concept
of solar-sail-based cyclers [24]. The rationale is that when the
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momentum transfer of solar photons is used onto a large, lightweight,
and reflective sail, the latter is propelled without the need of an active
propulsion system or of any propellant. Nevertheless the cycler
trajectories found by Stevens and Ross have the undesirable
characteristic of high hyperbolic excess velocities at both departure
and arrival, and require rendezvous and docking maneuvers on
hyperbolic orbits. The aim of this paper is to overcome these
problems by combining the use of solar sails with that of cyclers that
stop at the planet and wait there until a new opportunity for returning
back is opened. These trajectories are usually referred to as stopover
cyclers [25–28].

Because propellant plays a major role in the cycler option, it is
reasonable to investigate the opportunities offered by solar sails
when faced with the time constraints introduced by the stopover
cyclers. The improvements introduced in this paper with respect to
the approach by Stevens and Ross [24] are given in terms of lower
departure and arrival velocities, more flexibility in the design of the
planet-centered orbit, and elimination of the hyperbolic rendezvous
without any propellant penalty. Also, unlike Stevens and Ross, who
assume an ideal sail reflection model, we study the effects of real
optical sail coefficients on the overall cycler performance.

The paper is organized as follows:After a brief summary of the sail
acceleration model, the stopover cycler is analyzed and the mission
constraints are discussed. Assuming that the transfer phases between
the starting and target planets (and vice versa) are traveled using a
minimum time steering law, we investigate stopover cyclers toward
Mars, Venus, and Jupiter as a function of the sail optical
characteristics. The simulations emphasize the consistency of the
proposed methodology.

Sail Acceleration Model

Before defining themain characteristics of the stopover cycler, it is
useful to briefly recall the solar sail optical force model that is
assumed throughout this paper. Instead of assuming an ideally
reflecting surface, this model takes into account the optical
coefficients of the real sail film. It was first proposed in the 1970s for
solar sail trajectory optimization by Sauer [29] and further studied by
Forward [30].

The propulsive acceleration of a flat solar sail, placed at a distance
r from the sun, is [31]

a � ��
2

��
r2

cos��b1r̂� �b2 cos �� b3�n̂� (1)

where n̂ is in the direction of acceleration (shaded side of the sail),

and �≜ arccos�n̂ 	 r̂�. Also, �� ≜ �0=�m=A� [31] (where �0 ≜
1:539 g=m2 [32]), whereas b1, b2, and b3 are related to the
thermooptical properties of the reflective film [33]. For a sail with a
highly reflective aluminum-coated front side and a highly emissive
chromium-coated back side, the force coefficients are [34]
b1 � 0:1728, b2 � 1:6544, and b3 �
0:0109. For an ideal sail
with a perfectly reflective film, instead, the propulsive acceleration is
directed along the unit vector n̂ and the force coefficients are b1 �
b3 � 0 and b2 � 2.

Cycler Analysis

In our analysiswe consider direct transfers from a starting planet to
a target planet. To simplify our discussion, and in accordance with
the common practice [20], both the planets are assumed to cover
circular and coplanar orbits (having radii rS and rT) with angular

velocities !S �
��������������
��=r

3
S

p
and !T �

��������������
��=r

3
T

p
, respectively.

At a generic time instant t the spacecraft position is defined, with
respect to a polar inertial frame, through r and �, the latter being
measured counterclockwise from some reference position. At time

t0, when the first cycler starts, the polar angles �S�t0�≜ �S0 and

�T�t0�≜ �T0 define the known azimuthal positions of the two
planets.

A generic stopover cycler can be described through four phases. In
the first one, referred to as S-T phase, the spacecraft is transferred

from the starting to the target planet. The spacecraft then orbits
around the target and waits for the next opportunity to return back.
This waiting time at the target is denoted by T-T phase, whereas the
return voyage towards the starting planet is called T-S phase. The
stopover cycler ends with a waiting S-S phase at the starting planet,
whose duration is equal to the time length necessary for the planets to
return in the same relative configuration they occupied at time t0. The
main characteristics of these four phases are now thoroughly
investigated.

S-T Phase

The maneuver in this phase starts at time t0 when the spacecraft
leaves the sphere of influence of the initial planet and ends at time t1
when it reaches the target planet’s sphere of influence. The time
interval to complete thismaneuver is referred to as�t1 � t1 
 t0. It is
assumed that the hyperbolic excess velocity with respect to both the
planets is zero. This choice allows one to minimize the velocity
variation necessary to transfer a given payload to the target planet.
Under these assumptions, �t1 coincides with the time interval
corresponding to a circle-to-circle orbit rendezvous.

Both the transfer time �t1 and the corresponding variation of the
polar angle ��1 � �1 
 �0 are a function of the steering law and of
the solar sail performance (through the optical coefficients of the sail
and the value of the dimensionless sail loading). In this paper we
assume that �t1 coincides with the minimum feasible transfer time
�t?1 and, therefore, that the sailcraft is transferred to the target planet
as quickly as possible. The main reason comes from the necessity of
reducing as much as possible the possibility that an onboard system
failure represents a catastrophic event for the mission. In fact, during
the transfer phase the sailcraft would be hardly reachable by a rescue
mission, that, instead, could be carried out during the sailcraft
orbiting phase around the target or the starting planet.

The condition �t1 ��t?1 amounts, on one side, to selecting the
steering law for the pitch angle � (that, of course, coincides with the
minimum transfer time steering law) and, on the other side, to
establishing that the mutual position of the two planets at t0 (that is,
�S0 and �T0 ) is such that an optimal rendezvous maneuver is feasible.
The latter constraint on the initial planetary position is met through a
suitable choice of the time t0. Note that, having defined that the initial
position of the starting planet is �S0 � 0, the corresponding initial
position of the target planet must satisfy the constraint

�T0 ���?1 
 !T�t?1 (2)

As a consequence of the preceding assumptions, the minimum
time interval �t?1 and the corresponding polar angle ��?1 swept by
the sailcraft are functions of the performance characteristics of the
sail only, that is,

�t?1 ��t?1�b1; b2; b3; ��� (3)

��?1 ���?1 �b1; b2; b3; ��� (4)

The minimum time steering law �� �?�t� that will be used in the
simulations has been derived by Sauer using an ideal solar sail model
[35] and, recently, by Mengali and Quarta for a nonperfect sail
reflection model [34].

T-T Phase

In this phase the sailcraft orbits around the target planet for a time
interval�t2 � t2 
 t1 and waits for the opening of a return window.
This waiting time can be used to transfer the payload from the
sailcraft to the surface of the target planet.

From a practical viewpoint the heliocentric sailcraft orbit in this
phase coincides with the orbit of the target planet. Accordingly, the
corresponding polar distance travelled by the sailcraft is simply
given by

��2 � !T�t2 (5)
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T-S Phase

The sailcraft performs the return travel towards the starting planet
in a time interval�t3 � t3 
 t2. As with the preceding S-T phase, we
assume that the sailcraft hyperbolic excess velocity, at both the ends
of this phase, is zero. Assuming, once again, that the transfer time is
minimized (that is, �t3 ��t?3 ), for obvious symmetry reasons one
has:

�t?3 ��t?1 (6)

��?3 ���?1 (7)

These relationships are in accordance with [36]. Their validity has
been confirmed also by all of our numerical simulations.

Note that the assumption of transferring the sailcraft to the starting
planet using a minimum time steering law amounts to specifying the
relative position of the two planets at the time instant t2. As explained
later, this constraint is met through a suitable choice of the waiting
time �t2.

S-S Phase

In this phase the sailcraft stands around the starting planet for a

time interval�t4 ≜ t3 
 t4 andwaits for the opening of a new launch
opportunity towards the target planet. This waiting time can be used
to stow a new payload and to perform the maintenance operations
that are necessary to guarantee the effectiveness of the succeeding
cycler. Like the T-T phase, the heliocentric sailcraft trajectory is
assumed to coincide with the starting planet orbit. Accordingly, the
sailcraft travels a polar distance given by

��4 � !S�t4 (8)

Cycler Constraints for Repeatability

According to the four phases described in the preceding sections,

the total cycler time �t≜ t4 
 t0 is obtained as

�t� 2�t?1 ��t2 ��t4 (9)

whereas the total angular distance ��≜ �4 
 �0 traveled by the
sailcraft in a whole cycler is [see Eqs. (5) and (8)]

��� 2��?1 ���2 ���4 � 2��?1 � !T�t2 � !S�t4 (10)

Note that the time interval �t4 must be chosen so as to guarantee
that at t� t4 the relative positions of the sun, starting planet, and
target planet are identical to their corresponding initial positions at
t� t0. This allows the cycler to be started again and the four phases to
be repeated. From a mathematical standpoint, the latter requirement
amounts to imposing the following two constraints. The first one is
that�t is an integer multiple n of the synodic period Ts of one planet
with respect to the other [20], that is,

�t� nTs �
2�n

j!S 
 !T j
(11)

FromEq. (11),n is referred to as cycler repeat time in synodic periods
[20]. The second constraint involves the relative positions of the
planets. In fact, the total angular distance traveled by the sailcraft
minus the angular distance traveled by the starting planet must be
equal to an integer multiple k of 2�, or

j�� 
 !S�tj � 2k� (12)

When Eqs. (9) and (10) are substituted into Eq. (12). one obtains

j2��?1 ��t2�!T 
 !S� 
 2!S�t
?
1 j � 2k� (13)

Equation (13) shows that the waiting time around the target planet
depends on the sail performance characteristics and on the value of
the integer k. Assume that k is chosen in such a way that
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k �
�
�
�
�
��?1
�

 !S
�

�t?1

�
�
�
� (14)

and denote with kmin the least value of k that satisfies Eq. (14). Then,
Eq. (13) can be written as

�t2 � kTs � 2
��?1 
 !S�t?1
!S 
 !T

(15)

A couple of remarks are in order. First, note that�t2 is positive (as is
physically necessary), provided that Eq. (14) ismet. Second, Eq. (15)
is valid for both positive and negative values of !S 
 !T [that is,
Eq. (15) is able to model transfers for both inner and outer planets].
Because�t2 is an increasing function of k, in the following we will
assume that k� kmin to minimize the time duration of the T-T phase.

Finally, recalling that �t4 ��t
 2�t?1 
�t2 [see Eq. (9)] and
making use of Eq. (15), one obtains

�t2 � �n 
 kmin�Ts 
 2
��?1 
 !T�t?1
!S 
 !T

(16)

Because�t4 must be a nonnegative real number, Eq. (16) shows that
n is constrained to satisfy a condition in the form n � nmin, where
nmin is the least value of n that allows the right side of Eq. (16) to take
nonnegative values. Note that nmin plays a fundamental role in
establishing the mission performance because, for a given sail
configuration, it defines the minimum time interval necessary to
complete the cycler [see Eq. (11)].

To summarize, a generic stopover cycler is fully characterized by
the optical solar sail coefficients, by the dimensionless sail loading
and by the values of n and k.

Table 1 Best-fit approximation coefficients of�t
?
1 and��?1 [see Eqs. (17) and (18)]

Cycler Ts, days Sail force model ct c� dt d� et e�

Earth–Venus 584 Ideal 0.01573 0.2142 1.169 1.152 0.2115 2.085
Optical 0.01994 0.2711 1.159 1.143 0.2244 2.159

Earth–Mars 780 Ideal 0.02786 0.2858 1.165 1.151 0.2963 2.078
Optical 0.03663 0.3769 1.148 1.132 0.3099 2.09

Earth–Jupiter 399 Ideal 0.4638 0.4145 1.411 1.832 3.946 3.027
Optical 0.4815 0.8049 1.51 1.545 4.471 2.873

Mars–Jupiter 816 Ideal 0.286 0.5176 1.167 1.357 1.846 2.627
Optical 0.375 0.2096 1.583 2.16 4.551 3.358
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Numerical Simulations

The performance of the stopover cyclers as described in earlier
sections has been investigated for different combinations of start-
target planets. In addition to the Earth–Mars cycler, which has found
a considerable interest in the literature [19,21,37–39], we studied
Earth–Venus, Earth–Jupiter, and Mars–Jupiter cyclers. The
simulations have been performed both using an ideal sail model
(with specular reflection characteristics) and a real set of sail film
optical coefficients taken from [34].

The heliocentric orbits of all planets are assumed to be circular and
coplanar. Their radii are r♀ � 0:72333199 AU for Venus, r� �
1 AU for Earth, r♂ � 1:523679342 AU for Mars and r♃ �
5:20336301 AU for Jupiter [40]. For Earth–Mars and Earth–Venus
cyclers the dimensionless sail loading has been varied in the interval
�� 2 �0:02; 1�, whereas in the cyclers involving Jupiter the interval

variation of�� has been narrowed to [0.2, 1] for avoiding excessively
long cycler times. Loosely speaking, a value �� � 0:05 corresponds
to the limits of the current technology. A value �� � 0:15 will
probably be available in the near future, whereas values greater than
0.5 are representative of very high-performance sails, such as those
studied for Heliopause missions [41–43].

The minimum transfer time�t?1 and the value of the sweep angle
��?1 are found by solving the corresponding optimal rendezvous
problem between the two involved planets. The solution method,
based on an indirect approach, employs a two-stage strategy that
splits the optimization procedure in two steps: First, a genetic
algorithm explores a large search space to obtain a rough estimate of
the adjoint variables. Then, a combination of gradient-based and
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direct methods are employed to refine the solution [34]. The results,
obtained using a number of different values of the dimensionless sail
loading, have been summarized in Figs. 1 and 2.

A two-term power series model in the form

�t?1
Ts
� ct
����dt

� et (17)

��?1 �
c�
����d�

� e� (18)

is found to fit reasonably well the numerical data. The coefficients
c�t;��, d�t;��, and e�t;�� have been obtained via nonlinear least-squares
approximation and are shown in Table 1. Equations (17) and (18)
give amaximum error on the order of 7% and can be used effectively
to obtain a first estimate of themission time and of the corresponding
sweep angle.

Earth–Mars Stopover Cyclers

The results concerning the main characteristics (in terms of
waiting times �t2 and �t4 and minimum cycler repeat time in
synodic periods nmin) of Earth–Mars stopover cyclers are shown in
Figs. 3 and 4. Figure 4 shows that a stopover cycler with nmin � 1,
corresponding to a mission time length equal to the Earth–Mars
synodic period (Ts � 780 days), is feasible only provided that very
high-performance solar sails are employed, that is, sails having ��
near to 1.Of course, in principle it would be possible to obtain cyclers
with n� 1 and �� < 1. In that case, however, one should reduce (or
even set to zero) the waiting time by introducing a penalty in terms of
hyperbolic excess velocity different from zero at both ends of the
transfer trajectory. This actually corresponds to defining cyclers that
are identical to those analyzed by Stevens and Ross [24].

Recalling that the minimum mission time is proportional to nmin,
Fig. 4 also shows that a sail with an optical force model has an
increased mission time (with respect to an ideal sail) for small values
of �� and, instead, a decreased mission time for very high-
performance sails. This seemingly surprising result is clarified by a
comparison between Figs. 3 and 4. Note that the step jumps in nmin

occur in correspondence ofwaiting times that take values equal to the
synodic periodTs. In particular, as far as an optical solar sail model is
concerned, �t4 approaches the synodic period for values of ��
smaller than that for an ideal sail.

Figure 4 also shows the feasibility of obtaining stopover cycler
withnmin � 2 (both for ideal and optical solar sailmodels) for a rather
large range of �� . As a result, a couple of sailcraft, deployed with a
relative time delay equal to Ts, could in principle cover the Earth–

Mars leg and release their payload with a frequency equal to the
inverse of the synodic period.

Figure 5 shows the stopover cycler trajectory for a sailcraft with an
ideal force model and two different values of the dimensionless sail
loading, �� � 0:17 and �� � 1. The corresponding cycler repeat
times in synodic period are nmin � 2 and nmin � 1, respectively (see
Fig. 4). The first value, �� � 0:17, has been chosen for comparative
purposes with the results obtained by Stevens and Ross [24]. In their
analysis, Stevens and Ross (using n� 1) have found that the
necessary hyperbolic excess velocity at departure is 2:53 km=s and
at arrival is 4:30 km=s. On the other hand, the use of a stopover cycler
allows one to set to zero both the hyperbolic excess velocities against
a double required mission time (because nmin � 2). However, note
that the total cycler time obtained in [24], which is on the order of
26 months, is nearly identical to the minimum rendezvous time
�t?1 ��t?3 � 813 days necessary to accomplish the S-T and T-S

Fig. 7 Minimum cycler repeat time in synodic periods for an Earth–

Venus mission.

a) = 0.17, nmin = 2

b) = 1, nmin = 1

Fig. 8 Earth–Venus stopover cycler trajectory for a sailcraft with ideal

force model.
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phases. This means that the extra time required to complete a
stopover cycler is passed by the sailcraft orbiting around the two
planets.

Earth–Venus Stopover Cyclers

The results for Earth–Venus stopover cyclers are shown in Figs. 6
and 7. The results are qualitatively similar to those obtained for the
Earth–Mars cyclers. The current or near-term technology allows one
to obtain stopover cyclers with nmin � 2, that is, 1168 days. The
trajectories obtained for �� � 0:17 and �� � 1 are illustrated in
Fig. 8.

Earth–Jupiter and Mars–Jupiter Stopover Cyclers

Finally, we present the results for Earth–Jupiter and Mars–Jupiter
stopover cyclers. The unlimited availability of solar radiation
pressure inside the solar systemmakes the use of solar sails attractive
also for planning stopover cyclers toward outer planets, such as
Jupiter. Because the solar radiation pressure decreases as the inverse
square of the distance from the sun, the transfer times for missions
toward outer planets are significant. This implies that the minimum
total cycler times are on the order of 14 years (the corresponding
transfer time being about 6.6 years) for optical solar sails with high
performance (�� ’ 0:4) and on the order of 12 years (and a transfer
time of 5.5 years) for very high-performance sails (�� ’ 1). The
results are shown in Figs. 9 and 10.

It is interesting to compare the results for Earth–JupiterwithMars–
Jupiter stopover cyclers (see Figs. 11 and 12). The latter case is
representative of a scenario in which a Martian base is exploited as a
link for the study of the outer solar system. Figure 13 shows that the
Mars–Jupiter total cycler times are typically longer, despite thea) Ideal force model

b) Optical force model

Fig. 9 Waiting times for Earth–Jupiter stopover cyclers.

Fig. 10 Minimum cycler repeat time in synodic periods for an Earth–

Jupiter mission.

Fig. 11 Waiting times for Mars–Jupiter stopover cyclers.
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shorter distance between the starting and target planets. The reason
depends on two main elements: on one side the Earth–Jupiter
synodic period is shorter than the Mars–Jupiter one, thus giving a
heavier penalty in terms of waiting times around the two planets. On
the other side, the mean propelling acceleration attainable during the
Mars–Jupiter transfer is less than that in a Earth–Jupiter cycler.

Deliverable Payload Mass

An estimate of the deliverable payload mass can be obtained by
partitioning the total mass of the spacecraft into two components, the
sail film and structure mass ms and the payload mass mp, that is ,

m�ms �mp (19)

Accordingly, the dimensionless sail loading can be written as

�� �
�0

�s �mp=A
(20)

where �s ≜ms=A is the sail assembly loading. Both �� and �s are
technology parameters, based on the limits of the current (or future)
sail technology [31]. In particular, �s is closely related to the value of
the areal density of the sail film. Near-term demonstration missions
are likely to have a sail assembly loading of order 25–30 g=m2, even
if midterm technology will probably allow values of 5–10 g=m2.
Future outer solar system missions will require an assembly loading
of the order of 1 g=m2.

Inverting Eq. (20), an expression for the deliverable payload mass
per unit area is obtained as

mp

A
� �0
��

 �s (21)

In other terms, for a fixed value of �� and �s, the deliverable payload
mass per unit area is given. Its value is shown in Fig. 14 as a function
of the available technology.

Conclusions

The performance of stopover cyclers using solar sails has been
thoroughly investigated. Stopover cyclers are able to connect the
starting and the target planet periodically and can be usefully
employed for cargo transportation in support of long duration robotic
and human planetary missions. Even if the obtained results are
preliminary in the sense that the trajectories are assumed to be
coplanar and the planet orbits circular, the real optical solar sail
characteristics are taken into account and a comparison is established
with respect to an ideal sail model. The simulations show the
feasibility of the proposed methodology and emphasize interesting
advantages over classic cycler trajectories. Significant edges are
obtained in terms of lower departure and arrival velocities, more
flexibility in the design of the planet-centered orbit, and the
elimination of the hyperbolic rendezvous without the introduction of
propellant penalties. A number of simulations have been performed
withMars, Venus, and Jupiter as target planets using awide variation
of the dimensionless sail loading parameter. The key point is that the
mission time is not easily affected by changing the transfer speed
overwide variations of the sail loading parameter. In fact, the transfer
velocity does not change the total trip time except at discrete jumps
where the time variation is a multiple of the synodic period between
the starting and the target planet.
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