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Landing on celestial bodies typically includes a free fall to the body surface and requires

energy dissipation. Landing sites can exhibit many uncertainties, especially in surface pa-

rameters. Therefore, robustness is required irrespective of variations in landing conditions.

Conventional mechanisms, such as shock absorbers or airbags, have repeatedly achieved safe

landings; however, they are not reusable in the ground-verification phase and cause complexity.

In this study, we propose a robust, lightweight, and simple rebound suppression mechanism

with reusability in the ground verification phase by simultaneously considering the character-

istics of mechanical energy and momentum exchange aspects. The design characteristics are

clarified mainly through numerical discussions, and the effectiveness of the proposed mecha-

nism is demonstrated in comparison to existing momentum exchange mechanisms. The results

show a promising rebound suppression capability compared to those of the previously sug-

gested mechanisms and an improvement in robustness against uncertainties. A case study is

also shown to verify the proposed mechanism’s effectiveness. Numerical simulation results

for a fictional landing mission created from real microgravity landers show that the proposed

mechanism achieves the energy dissipation requirement, combined with the plastic deformation

mechanism of the shock-absorbing material.

I. Nomenclature

𝑎 = compression of the spring, m

𝑐 𝑓 = ground viscosity, kN·s/m

𝑐𝑔 = viscous friction of the linear guide, N·s/m
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𝑓𝑔 = mechanical loss, N

𝑔 = gravitational acceleration, m/s2

ℎ0 = initial altitude, m

𝑘 = spring constant, N/m

𝑘 𝑓 = ground stiffness, N/m

𝑙 = natural length of the spring, m

𝑚1, 𝑚2 = spacecraft and additional mass, kg

𝑝, 𝐴, 𝐵 = constants

𝑡0 = spring release time, s

𝑣0 = initial velocity, m/s

𝑥1, 𝑥2 = spacecraft and additional mass displacement, m

¥𝑥1, ¥𝑥2 = spacecraft and additional mass acceleration, m/s2

¤𝑥1, ¤𝑥2 = spacecraft and additional mass velocity, m/s

𝜔 = angular frequency, rad/s

II. Introduction

Recently, small body investigations have gained popularity owing to their importance in understanding the early

history and evolution of the solar system [1–8]. Two main methods are used to observe celestial bodies; remote

sensing from orbits and direct observation by landing. The former can achieve a relatively large-scale observation,

whereas the latter provides extracting fine details of celestial bodies over a limited area, such as the composition of their

soil. On the other hand, many challenges exit to achieve landing on the ground for the latter method. Usually, mission

success depends on safe landing, which is only a one-time opportunity. Therefore, a highly reliable landing mechanism

is required that endures the uncertainties of the landing environment. Celestial bodies tend to be covered with regolith,

which may affect on-board electronics [9]. In the case of a spacecraft landing on such a ground, free-falling from a

certain altitude is commonly used [10]. A free fall without a thruster jet avoids sample contamination and regolith

disturbance [11]. Earlier studies have investigated the mitigation of shock energy during landing by considering the

acceleration caused by free-falling [10, 12–17].

Rebound suppression is one of the most important criteria to achieve precise landing to the target point [18] and

prevent overturning [19]. However, determining ground characteristics of important exploration sites, such as asteroids

or comets, during the design of the landing system is a challenge [20]. Therefore, developing a robust landing technique

is required for the unknown surface parameters of the landing points. Moreover, an increase in spacecraft mass reduces

launch capability; hence, severe mass constraints are imposed on the spacecraft [21]. Thus, highly reliable and
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lightweight landing mechanisms, which can reduce rebound to the target point with arbitrary surface properties, are

required for direct celestial body observations.

For microgravity celestial bodies such as asteroids the same landing impact energy causes a higher rebound

than that for lunar or planetary missions. Therefore, efficient energy dissipation for rebound prevention is desired.

Anchoring is often required to prevent re-bouncing [22]. For example, Philae [18, 22] successfully landed on a comet

’67P/Churyumov Gerasimenko’ in 2014. Its energy-absorbing damping system had been designed to achieve robust and

rebound-less landing. Although the system achieved more than 90% energy dissipation, an unexpected failure in the

landing sequence caused bouncing, causing it to tip over and partial achievement of the mission [23]. Another example

is an upcoming mission to land on the Martian satellite Phobos in 2024 [24], whose gravity is 1/2000 of the Earth;

therefore, suppressing the kinetic energy to prevent rebound becomes critical. In Ref. [11], they say "A trip-over risk

remains unless the landing system consumes more than 99 percent of the entire kinetic energy." The rebound can cause

unstable motions under the microgravity environment [25]. Thus, landing on a microgravity celestial body without

tipping over is very difficult. Even a small fraction of the remaining energy can cause rebound under microgravity

environment, and trigger unexpected events. In this work, we discuss the rebound suppression problem for landing on

microgravity celestial bodies and propose a novel mechanism for this purpose.

As explained before, the landing mechanisms must be lightweight and have highly reliable rebound suppression

capability. Additionally, a robust landing technique is required to endure unknown surface properties. Landing on

microgravity celestial bodies has different characteristics compared to landing on a planet or large moon; however,

many proven methods have been developed [26]. Conventional landing mechanisms are divided into passive and active

methods. Shock absorbers [27] and airbags [28–32] have been used as passive methods, while reverse thrust systems

[33–35] or sky crane mechanisms [36–39] are popular for active methods.

A landing mechanism such as the honeycomb crash mechanism dissipates the kinetic energy through plastic

deformation and realizes soft landing [27]. The advantages of these mechanisms are their lightweight and high energy

absorption. However, the mechanism encounters challenges against rough terrains, such as hills or slopes. In addition,

these mechanisms are disposable, meaning that precisely performing preliminary operational inspection is difficult;

thus, it is impossible to precisely verify the targeted product through the ground test. Manufacturer verification requires

expensive lot tests of the product with the same design to ensure reliability. Although their mechanisms are simple,

their reliability is low compared with the mechanism that can perform product-specific tests. An airbag is suitable

for small satellites [28–32] due to lightweight, low cost, and high reliability. Although a typical airbag can reduce

energy, it cannot suppress the rebound. Therefore, it is unsuitable for the missions that require accurate landing on

inclined terrains. The rebound can be suppressed by controlling the open status of the vent holes; however, it increases

the complexity of the system [40]. Reverse thrust system [33–35] descents the altitude using propulsion systems. A

sky crane [36–39] is a landing method that hangs the lander from a floating stage using reverse thrust and gradually
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descends the lander. These methods can achieve precise landing and provide adjustments for surface conditions due to

their active control aspect. However, they require sophisticated control to maintain position and velocity, causing an

increase in mass.

Therefore, the state-of-the-art mechanisms do not satisfy all the requirements, which include rebound suppression,

robust landing despite arbitrary ground parameters, lightweight, high reliability, and low cost. Thus, proposed landing

mechanisms that enable uncomplicated and precise landing with a straightforward control system have been proposed,

such as the base extension separation mechanism (BESM) [12] and momentum exchange impact damper (MEID) [13].

The BESM relies on the concept of dynamic energy conversion(Fig. 1). This mechanism absorbs the landing

impact energy by converting it into the potential energy of the spring and removes the mechanical energy by separating

the additional mass from the main body, and the additional mass when the spring is most contracted. However, this

mechanism is complicated, and the timing of detachment depends on the nature of the ground. As shown in Fig. 1,

the sequence starts with a free fall. After the gear touchdown, the spring is stretched, and energy is transferred to the

spring elastic energy. Then, the additional mass locking device opens when the spring stretches at maximum. Finally,

the additional mass is released, and thus, the main body can land softly because most of the energy is transferred to the

additional mass.

The MEID mechanism realizes rebound suppression by attaching a spring and an additional mass to the spacecraft

body and transfers the momentum of the spacecraft body to the additional mass. The mechanism was first proposed to

solve the floor impact vibration [41]. It was then applied to the spacecraft landing problem for conceptual laboratory

investigations [14]. The proposed MEID mechanisms vary based on spring state and injection direction as shown in

Fig. 2. The Upper MEID (U-MEID) achieves the momentum exchange and rebound suppression by launching the upper

additional mass upward as a response to the landing. Its spring is initially in the natural state [15]. The Lower MEID

(L-MEID) achieves the momentum exchange and soft landing by releasing of the lower additional mass downward

before landing. The spring is initially pre-compressed and additional mass release occurs when the spring reaches its

natural length the first time [14]. The Generalized MEID (G-MEID) mechanism has the properties of both U-MEID

and L-MEID and uses a combination of lower and upper additional masses. The momentum exchange sequence starts

with the separation of the lower mass [16]. The Generalized MEID Advanced (G-MEID-A) mechanism performs

function of the G-MEID mechanism only with an upper additional mass with an extended spring [17]. The G-MEID-A

mechanism shows the best rebound suppression capability among these methods. However, it requires strict timing

control for spring release and the error causes critical performance reduction. The timing of spring release is related

to rebound conditions caused by the celestial body surface. Therefore, the mechanism falls short of delivering soft

landing on an unknown celestial surface.

Therefore, we propose a novel MEID mechanism by simultaneously considering the characteristics of mechanical

energy and momentum exchange aspects. Specifically, our proposed mechanism comprises two phases: Phase A
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Fig. 1 Concept of the BESM (base extension separation mechanism).

Fig. 2 Configuration and initial conditions of MEID (momentum exchange impact damper).

achieves the energy transfer, as in BESM, and Phase B performs momentum exchange, as achieved by MEID. In

Phase A, a detailed analysis of the energy exchange is considered, especially the timing, amount, and duration of the

elastic energy of the spring. The characteristics of the proposed mechanism are discussed through numerical analysis

and in comparison to previous MEID mechanisms. An experimental study is also demonstrated and compared to

numerical analysis results. In addition, a case study is employed to discuss the application prospects of the proposed

mechanism. The MEID mechanism has not yet been applied in a real flight mission; however, our results show that the

proposed mechanism can be realized in a future mission. Based on the MEID utilization of the proposed mechanism,

the shock response performance becomes larger as the additional mass rate becomes higher. Therefore, the proposed

system offers advantages for a very tiny lander; for example, it is very difficult to mount a thruster tank because

there are certain volume and mass requirement from structural and safe design constraints, and the required additional

mass using the proposed system is lightweight. Generally, realizing mass ejection systems is difficult; however, the

lightweight of additional mass can significantly facilitate it. The proposed mechanism offers advantages when it has

separation mission equipment such as a tiny lander or outer camera.

The rest of the paper is organized as follows: Section III proposes a novel MEID mechanism to provide the

robustness against ground parameter uncertainties. Additionally, the details of the proposed mechanism are explained

by constructing a numerical simulation model. Section IV summarizes the numerical simulation results, including

design parameter optimization, and the robustness against the uncertainties of the landing parameters. The results

are discussed by comparing with those obtained using the G-MEID-A mechanism, which shows the best rebound
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suppression performances among the previous MEID systems. The lunar landing problem is applied to the simulation

conditions since the correlations between the numerical simulation and real motion have been demonstrated. Section V

shows the experimental simulation results. The results of the previous studies clarify the relationship between ground

and lunar surface experiments. Ground experiments were performed with the experimental system emulating the

lunar surface conditions. The numerical simulation results were compared with the experimental simulation results.

The unknown mechanical parameters in the numerical model were determined by a comparison of the numerical

and experimental simulation results. Section VI shows a case study utilizing the proposed mechanism with the help

of the established numerical models. The proposed mechanism applies to lightweight landers under microgravity

environments. Landing on the Martian satellite Phobos requires strict rebound suppression. Therefore, it is set as the

landing target body for numerical simulation studies.

III. Proposed mechanism

A. Concept of the proposed mechanism

This paper proposes a new landing impulse response control inspired by the two properties of the momentum

exchange and mechanical energy exchange as one option for the future mission. The effectiveness and feasibility of

the proposed concept are discussed by utilizing a simplified mechanical model, which consists of the main spacecraft

body, spring, and additional mass. Figure 3 shows an overview of the optimum landing sequence of the proposed

mechanism. The gray and white boxes express the additional mass and main spacecraft body, respectively, and they are

connected by the spring. The black arrows express the force. This mechanism achieves soft landing in the following

sequence:

1) The additional mass is fixed to the upper end of the spacecraft main body with a pre-compressed spring. The

spring has stored elastic energy at the beginning of the free fall at time 𝑡 = 0.

2) With the spring compression release at the designed time 𝑡 = 𝑡0, the additional mass has an upward acceleration,

and the spacecraft main body has a downward acceleration.

3) The main body lands on the ground when the spring extends to the maximum length 𝑡 = 𝑡1. At the time of

the landing, the spring connecting the spacecraft main body and additional mass is elongated, the upward

acceleration is generated in the spacecraft body, and the collision acceleration can be decreased because of the

reduction in the kinetic energy of the spacecraft main body.

4) The extended spring is contracted by exchanging part of the impact energy of the landing.

5) The stored elastic energy is exchanged with the kinetic energy of the additional mass. The additional mass is

injected by spring separation when the spring is in the natural state. The main body’s momentum is exchanged
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with additional mass momentum.

Sequences 1 to 4 achieve the mechanical energy exchange similar to the BESM mechanism, although there is no

locking device. Sequence 5 achieves the momentum exchange, such as the existing MEID mechanisms. The proposed

system combines the advantages of both mechanisms. The soft landing and rebound suppression are realized through

both aspects. The upward acceleration of the main body generated at the landing time reduces the effect of the timing

error and realizes the robustness against various uncertainties. In this work, we construct and analyze system models

and verify the effectiveness of the proposed mechanism through numerical and experimental simulations.

Fig. 3 Concept of the proposed mechanism.

B. Mechanical model and equation of the motion of MEID mechanism

A dynamical model for the proposed mechanism is established to derive equation of motion for the numerical

simulation studies. Figure 4 shows the model overview. The spacecraft main body and additional mass are defined as

𝑚1 and 𝑚2, respectively. The displacement, velocity, and acceleration of the main body and the additional mass are

defined as 𝑥1, 𝑥2, ¤𝑥1, ¤𝑥2, ¥𝑥1, and ¥𝑥2, respectively. The main body and the additional mass are connected with the spring,

whose stiffness is denoted as 𝑘 . Here, we assume ideal linear spring to provide a conceptual discussion. In reality,

we need to also consider nonlinear behavior. The stiffness of the ground is 𝑘 𝑓 , and the viscous damping between the

spacecraft and ground is 𝑐 𝑓 . The initial free-fall altitude from the ground is ℎ0. The whole landing motion is divided

into four phases.

Phase 1: Before spring release

The main body of the spacecraft and the additional mass free fall together until the restrained spring is released.

Therefore, the equation of motion of Phase 1 is expressed as follows with the gravitational acceleration of 𝑔:
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Fig. 4 Model of the proposed mechanism.


𝑚1 0

0 𝑚2



¥𝑥1 (𝑡)

¥𝑥2 (𝑡)

 =

−𝑚1𝑔

−𝑚2𝑔

 (1)

Phase 2: From spring release to landing

The main body and additional mass receive the gravitational and reaction forces of the spring that connects them.

The equation of motion of Phase 2 is derived from the relationship of the forces as follows when the natural length of

the spring is denote as 𝑙:


𝑚1 0

0 𝑚2



¥𝑥1 (𝑡)

¥𝑥2 (𝑡)

 +


𝑘 −𝑘

−𝑘 𝑘



𝑥1 (𝑡)

𝑥2 (𝑡)

 =

−𝑚1𝑔 − 𝑘𝑙

−𝑚2𝑔 + 𝑘𝑙

 (2)

Phase 3: From landing to additional mass separation

Phase 3 receives the reaction force from the ground in addition to the relationship of Phase 2. The equation of

motion of Phase 3 is derived as follows from the relationship of the forces:


𝑚1 0

0 𝑚2



¥𝑥1 (𝑡)

¥𝑥2 (𝑡)

 +

𝑐 𝑓 0

0 0



¤𝑥1 (𝑡)

¤𝑥2 (𝑡)

 +

𝑘 + 𝑘 𝑓 −𝑘

−𝑘 𝑘



𝑥1 (𝑡)

𝑥2 (𝑡)

 =

−𝑚1𝑔 − 𝑘𝑙

−𝑚2𝑔 + 𝑘𝑙

 (3)

Phase 4: After additional mass separation

After the additional mass separation, the spacecraft’s main body and the additional mass only receive gravitational

8



force. Therefore, the equation of motion of Phase 4 is expressed as follows:


𝑚1 0

0 𝑚2



¥𝑥1 (𝑡)

¥𝑥2 (𝑡)

 =

−𝑚1𝑔

−𝑚2𝑔

 (4)

The time series status of the components can be derived by numerically integrating of these equations. Phase

transfers are performed passively depends on the system mechanical parameters, except for the transfer between

Phases 1 and 2. The designer can arbitrarily define the phase transfer time 𝑡0 between Phases 1 and 2 arbitrarily.

C. Optimum design parameter to maximize energy suppression performance

This study investigates the free fall energy dissipation and aims to minimize the spacecraft energy at the time of

landing, which can be evaluated with the maximum rebound amount of the spacecraft. After the separation of the

additional mass, during Phase 4, each component is only accelerated with the gravitational acceleration −𝑔. Therefore,

the velocity of the spacecraft’s main body has to be minimized at the time of additional mass separation at the end

of Phase 3 to minimize spacecraft rebound. In this section, we derive the optimum design parameter that minimizes

the spacecraft velocity at the end of Phase 3. Here, the viscosity term decreases the system energy and suppresses the

rebound. Therefore, this section assumes ideal but severe condition: 𝑐 𝑓 = 0.

Phase 1: Before spring release

The spacecraft body freely falls vertically from initial altitude ℎ0 with the initial velocity 0. Here, 𝑙 is the natural

length of the spring connecting the spacecraft body and additional mass, and 𝑎 is the compression amount of the spring.

Multiple MEID mechanisms can be expressed by selecting of the sign of 𝑎: positive for the proposed mechanism,

negative for the G-MEID-A mechanism, and 0 for the U-MEID mechanism. Solving the equation of motion of Phase 1

with these initial conditions, the displacement and velocity of the spacecraft body and additional mass are expressed

as follows:

𝑥1 (𝑡) = ℎ0 −
1
2
𝑔𝑡2,

𝑥2 (𝑡) = ℎ0 + 𝑙 − 𝑎 − 1
2
𝑔𝑡2, (5)

𝑣1 (𝑡) = −𝑔𝑡,

𝑣2 (𝑡) = −𝑔𝑡.

Phase 2: From spring release to landing

The motion of Phase 2 is theoretically analyzed as a vibration free two degrees of freedom undamped system. The
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equation of motion in Eq. (2) is rearranged as Eq. (7) using Eqs. (6) and the initial time 𝑡0 in Phase 2:

𝜔2 =

√
𝑘

𝑚2
,

𝜔 𝑓 =

√
𝑘 𝑓

𝑚1
, (6)

𝜌 = 𝑚2/𝑚1,

(1 + 𝜌)𝜔2
2 = 𝜔̂2

2,


1 0

0 1



¥𝑥1 (𝑡)

¥𝑥2 (𝑡)

 +

𝜌𝜔2

2 −𝜌𝜔2
2

−𝜔2
2 𝜔2

2



𝑥1 (𝑡)

𝑥2 (𝑡)

 =

−𝑔 − 𝜌𝜔2

2𝑙

−𝑔 + 𝜔2
2𝑙

 . (7)

Equation (7) can be solved with the constants 𝑝1, 𝑝2, 𝑝3 and 𝑝4 as follows:

𝑥1 (𝑡) = 𝑝1 cos 𝜔̂2𝑡 + 𝑝2 sin 𝜔̂2𝑡 + 𝑝3𝑡 + 𝑝4 −
𝑔

2
𝑡2,

𝑥2 (𝑡) = − 𝑝1

𝜌
cos 𝜔̂2𝑡 −

𝑝2

𝜌
sin 𝜔̂2𝑡 + 𝑝3𝑡 + 𝑝4 + 𝑙 − 𝑔

2
𝑡2, (8)

𝑣1 (𝑡) = −𝜔̂2𝑝1 sin 𝜔̂2𝑡 + 𝜔̂2𝑝2 cos 𝜔̂2𝑡 + 𝑝3 − 𝑔𝑡,

𝑣2 (𝑡) =
𝑝1𝜔̂2

𝜌
sin 𝜔̂2𝑡 −

𝑝2𝜔̂2

𝜌
cos 𝜔̂2𝑡 + 𝑝3 − 𝑔𝑡.

The initial condition of Phase 2 can be derived utilizing Eq. (1) and the spring release time 𝑡0. Equations (8) present

the following solutions by utilizing the initial condition:

𝑥1 (𝑡) =
𝜌𝑎

1 + 𝜌
cos 𝜔̂2𝑡 − 𝑔𝑡0𝑡 + ℎ0 −

1
2
𝑔𝑡20 −

𝜌𝑎

1 + 𝜌
− 𝑔

2
𝑡2,

𝑥2 (𝑡) = − 𝑎

1 + 𝜌
cos 𝜔̂2𝑡 − 𝑔𝑡0𝑡 + ℎ0 −

1
2
𝑔𝑡20 −

𝜌𝑎

1 + 𝜌
+ 𝑙 − 𝑔

2
𝑡2, (9)

𝑣1 (𝑡) = − 𝜌𝜔̂2𝑎

1 + 𝜌
sin 𝜔̂2𝑡 − 𝑔𝑡0 − 𝑔𝑡,

𝑣2 (𝑡) =
𝜔̂2𝑎

1 + 𝜌
sin 𝜔̂2𝑡 − 𝑔𝑡0 − 𝑔𝑡.

Phase 3: From landing to additional mass separation

The equation of motion in Eq. (3) can be rearranged using Eqs. (6) and the beginning time of Phase 3, 𝑡1:


1 0

0 1



¥𝑥1 (𝑡)

¥𝑥2 (𝑡)

 +

𝜌𝜔2

2 + 𝜔2
𝑓 −𝜌𝜔2

2

−𝜔2
2 𝜔2

2



𝑥1 (𝑡)

𝑥2 (𝑡)

 =

−𝑔 − 𝜌𝜔2

2𝑙

−𝑔 + 𝜔2
2𝑙

 . (10)
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Equation (10) can be solved using the constant parameters, 𝐴1𝑎, 𝐴1𝑏 , 𝐵1𝑎, and 𝐵1𝑏:

𝑥1 (𝑡) = 𝐴1𝑎 sin𝜔𝑎𝑡 + 𝐵1𝑎 cos𝜔𝑎𝑡 + 𝐴1𝑏 sin𝜔𝑏𝑡 + 𝐵1𝑏 cos𝜔𝑏𝑡 −
(1 + 𝜌)𝑔
𝜔2

𝑓

,

𝑥2 (𝑡) = 𝐴1𝑎
𝜔2

2

𝜔2
2 − 𝜔2

𝑎

sin𝜔𝑎𝑡 + 𝐵1𝑎
𝜔2

2

𝜔2
2 − 𝜔2

𝑎

cos𝜔𝑎𝑡 + 𝐴1𝑏
𝜔2

2

𝜔2
2 − 𝜔2

𝑏

sin𝜔𝑏𝑡

+𝐵1𝑏
𝜔2

2

𝜔2
2 − 𝜔2

𝑏

cos𝜔𝑏𝑡 −
(1 + 𝜌)𝑔
𝜔2

𝑓

− 𝑔

𝜔2
2
+ 𝑙, (11)

𝑣1 (𝑡) = 𝐴1𝑎𝜔𝑎 cos𝜔𝑎𝑡 − 𝐵1𝑎𝜔𝑎 sin𝜔𝑎𝑡 + 𝐴1𝑏𝜔𝑏 cos𝜔𝑏𝑡 − 𝐵1𝑏𝜔𝑏 sin𝜔𝑏𝑡,

𝑣2 (𝑡) = 𝐴1𝑎
𝜔2

2𝜔𝑎

𝜔2
2 − 𝜔2

𝑎

cos𝜔𝑎𝑡 − 𝐵1𝑎
𝜔2

2𝜔𝑎

𝜔2
2 − 𝜔2

𝑎

sin𝜔𝑎𝑡 + 𝐴1𝑏
𝜔2

2𝜔𝑏

𝜔2
2 − 𝜔2

𝑏

cos𝜔𝑏𝑡

−𝐵1𝑏
𝜔2

2𝜔𝑏

𝜔2
2 − 𝜔2

𝑏

sin𝜔𝑏𝑡,

𝜔𝑎 and𝜔𝑏 are the positive values and𝜔2
𝑎 and𝜔2

𝑏 are set as the solutions of 𝑝2, as shown in ascending order, respectively:

𝜔𝑎
2 =

1
2
{(1 + 𝜌)𝜔2

2 + 𝜔2
𝑓 } −

√
(𝜔2

2 + 𝜌𝜔2
2 + 𝜔2

𝑓 )2 − 4𝜔2
2𝜔

2
𝑓 , (12)

𝜔𝑏
2 =

1
2
{(1 + 𝜌)𝜔2

2 + 𝜔2
𝑓 } +

√
(𝜔2

2 + 𝜌𝜔2
2 + 𝜔2

𝑓 )2 − 4𝜔2
2𝜔

2
𝑓 . (13)

The initial condition of Phase 3 must be the same as the condition when Eqs. (9) in Phase 2 satisfy 𝑥1 = 0. Here, the

time when Phase 2 satisfies 𝑥1 = 0 is set to 𝑡1 in Eqs. (9). The main body displacement and velocity are set to 𝑋1 and

𝑉1, and those of the additional mass are set to 𝑋2, and 𝑉2, respectively. The displacement and velocity condition are

set to the initial condition (𝜏 = 𝑡 − 𝑡1 = 0) of Phase 3. The following constraints are derived:

𝑥1 (0) = 𝐵1𝑎 + 𝐵1𝑏 − (1 + 𝜌)𝑔
𝜔2

𝑓

= 0,

𝑥2 (0) = 𝐵1𝑎
𝜔2

2

𝜔2
2 − 𝜔2

𝑎

+ 𝐵1𝑏
𝜔2

2

𝜔2
2 − 𝜔2

𝑏

− (1 + 𝜌)𝑔
𝜔2

𝑓

− 𝑔

𝜔2
2
+ 𝑙 = 𝑋2, (14)

𝑣1 (0) = 𝐴1𝑎𝜔𝑎 + 𝐴1𝑏𝜔𝑏 = 𝑉1,

𝑣2 (0) = 𝐴1𝑎
𝜔2

2𝜔𝑎

𝜔2
2 − 𝜔2

𝑎

+ 𝐴1𝑏
𝜔2

2𝜔𝑏

𝜔2
2 − 𝜔2

𝑏

= 𝑉2.
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These relationships result in the following conditions.


𝐵1𝑎

𝐵1𝑏

 =
(𝜔2

2 − 𝜔2
𝑏) (𝜔2

2 − 𝜔2
𝑎)

(𝜔2
𝑏 − 𝜔2

𝑎)𝜔2
2


𝑔 (1+𝜌)𝜔2

𝑏

𝜔2
𝑓
(𝜔2

2−𝜔
2
𝑏
) − 𝑋2 − 𝑔

𝜔2
2
+ 𝑙

− 𝑔 (1+𝜌)𝜔2
𝑎

𝜔2
𝑓
(𝜔2

2−𝜔
2
𝑎)

+ 𝑋2 + 𝑔

𝜔2
2
− 𝑙

 , (15)


𝐴1𝑎

𝐴1𝑏

 =
(𝜔2

2 − 𝜔2
𝑏) (𝜔2

2 − 𝜔2
𝑎)

(𝜔2
𝑏 − 𝜔2

𝑎)𝜔2
2


1
𝜔𝑎

( 𝜔2
2

𝜔2
2−𝜔

2
𝑏

𝑉1 −𝑉2)

1
𝜔𝑏

(− 𝜔2
2

𝜔2
2−𝜔

2
𝑎
𝑉1 +𝑉2)

 . (16)

The design parameter relationship of Phase 3 can be obtained by assigning these constants to the equation. The

energy suppression performance can be maximized when the spacecraft velocity is minimized at the end of Phase 3,

by optimizing the additional mass separation time. Here, the spring release time 𝑡0 is one of the important design

parameters and can be defined to minimize the spacecraft body speed 𝑣1 of Phase 3 at 𝑥1 (𝑡) = 0. The unknown

variables (i.e.,𝑉1, 𝑋2, and𝑉2) are obtained from the known variables: initial spring compression amount, 𝑎; main body

mass, 𝑚1; additional mass, 𝑚2; spring constant, 𝑘; and ground stiffness, 𝑘 𝑓 . Therefore, the optimum spring release

time can be obtained when all the above variables are defined. One of the potential methods to design these system

parameters is performing parameter surveys to maximize rebound suppression by utilizing this section’s discussion

results together with a Monte–Carlo simulation. The parameters’ range can be limited from the system or other

constraints. For example, the values of 𝑚1 and 𝑚2 and their ratio can be selected based on system requirements. The

structural design requirements constrain the range of 𝑎 and 𝑘 , for example, the mechanical stiffness has limitations

from the environmental condition or structural design. 𝑘 𝑓 can be selected from the target body’s landing position.

However, it has to be confirmed that selected design parameters have the robustness for the 𝑘 𝑓 variation limited by the

target body’s assumptions.

IV. Numerical simulations for lunar landing problems
This section involves the numerical simulation study of the proposed mechanism. The characteristics and effective-

ness of the proposed method were mainly evaluated by comparing with the G-MEID-A mechanism, which achieves the

best rebound suppression performance among the previous studies [17]. First, a case study analysis of the proposed and

G-MEID-A mechanisms was performed to confirm the energy and momentum exchange sequence, and the rebound

suppression performance. Additional simulations and discussions were then performed to evaluate the robustness

against various parameter uncertainties. The robustness analysis was applied to the design parameter variation and

target point uncertainties. The numerical simulation results also showed the trend of the design parameter optimization.

The numerical simulation is performed by solving the differential equation derived from the dynamical model

constructed in Section III with a fourth-order Runge–Kutta method. All numerical simulations sampling periods were
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set as 0.1 ms. The lunar surface landing problems were set as the simulation conditions because of many on-site

observation or experiment data, which provide realistic numerical conditions; thus the results can be easily compared

to those obtained from an on-ground experiment utilizing previous studies [42]. The maximum rebound amount was

used as an evaluation index, as performed in the previous section. The numerical simulation parameters were set, as

shown in Table 1, by considering the most challenging landing point whose attenuation parameter assisted rebound

[43]. The initial condition also came from the previous study in Ref. [10]. Viscous damping reduced the system

energy and helped rebound suppression. Therefore, the smallest viscous damping value was chosen from the reference

for the numerical simulation. The optimizable design parameters of the proposed mechanism consisted of the spring

restrained release time (𝑡1), the spring constant (𝑘), and the additional mass 𝑚2. Here, the 𝑚2 value was set to 5 kg,

nearly 1/10 of the mass ratio of the main body and additional mass. The rebound suppression capability becomes

larger as it is proportional to this value because of its momentum exchange effect; however, a smaller mass is desirable

for feasibility because of the presence of severe mass constraints. This value is more challenging compared with the

previous MEID studies for these applications.

Table 1 Simulation parameters

Parameter Symbol Value Unit
Body mass 𝑚1 50.0 kg
Additional damper mass 𝑚2 5.0 kg
Spring natural length 𝑙 0.50 m
Spring constant 𝑘 2.0 kN/m
Initial compression length 𝑎 0.086 m
Initial altitude ℎ0 3.0 m
Initial velocity 𝑣0 0.0 m/s
Gravitational acceleration 𝑔 1.63 m/s2

Stiffness between spacecraft and ground 𝑘 𝑓 Variable N/m
Viscous damping between spacecraft and ground 𝑐 𝑓 0.2 kN·s/m

A. Comparison of the proposed and G-MEID-A mechanisms through a case study analysis

This subsection discusses the characteristics and energy balance of the proposed and G-MEID-A mechanisms based

on a case study. The parameters were set, as shown in Table 1. The ground stiffness was set to 𝑘 𝑓 = 100 N/m. The

spring separation times were set to 1.718 s for the proposed mechanism and 1.879 s for the G-MEID-A mechanism by

the numerical optimization to minimize the maximum rebound amount.

1. Time histories of displacement and acceleration

Figures 5 and 6 show the time histories of displacement and acceleration. The main bodies were highly accelerated

around the landing in both mechanisms. In the proposed mechanism, a downward acceleration was added to the main
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body and an upward acceleration to the additional mass at the spring release time. The spring effect was opposite in

the G-MEID-A mechanism. The trends and values of the displacement were almost the same in these mechanisms,

except for the acceleration histories. These results show that the proposed mechanism can achieve a similar or better

rebound suppression performance of the best MEID mechanism compared to the previous studies.

Figure 7 compares the acceleration profile of the spacecraft’s main body for the proposed and G-MEID-A mech-

anisms. The proposed mechanism generates an upward acceleration at landing. This characteristic can mitigate the

degradation of rebound suppression performance even if the time of momentum exchange was different from the

desired value.

Fig. 5 Displacement and acceleration histories of the proposed mechanism.

2. Energy budget analysis

This subsection explains the energy budget consisting of the potential energies of the main spacecraft body and

additional mass, the kinematic energies of the main spacecraft body and additional mass, and the elastic energies of

the spring and ground.

The potential energy equation is

𝐸𝑝𝑖 = 𝑚𝑖𝑔𝑥𝑖 . (𝑖 = 1, 2) (17)

The kinematic energy equation is

𝐸𝑘𝑖 =
1
2
𝑚𝑖𝑣𝑖

2. (𝑖 = 1, 2) (18)
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Fig. 6 Displacement and acceleration histories of the G-MEID-A mechanism.

Fig. 7 (Left) Acceleration profile of the spacecraft main body, with 𝑘 𝑓 = 100 kN/s, (Right) enlarged.

The elastic energy equation is

𝐸𝑒𝑖 =
1
2
𝑘𝑖Δ𝑙𝑖

2, (𝑖 = −, 𝑓 ) (19)

where, Δ𝑙 is the displacement of each spring.

Figures 8 and 9 show the time histories of the energies. The upper figures show the kinematic and spring energies.

The middle figures show the potential energies. The lower figures summarize the total energy of each component

and the whole system. Figures 10 show the energy rate histories when the total system energy of the initial condition
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was set to 100%. The upper figures summarize the kinetic and spring energies and the lower figures summarize the

potential energies. The total system energy decreased because of energy dissipation by ground viscosity while the

spacecraft displacement had negative values.

The comparison of these figures clarifies the differences between the characteristics of different mechanisms.

In the proposed mechanism, the spring separation results in energy exchanges between the additional mass and the

spacecraft main body. Then, the energy is exchanged between the additional mass as well as spring elastic energy and

the spacecraft’s main body. The elastic energy of the spring is lost when the spring reaches its natural length. The

acceleration of the spacecraft’s main body and the additional mass become the gravitational acceleration at that time.

Then, the spacecraft’s main body energy is exchanged with the additional mass and spring elastic energy. The spring’s

elastic energy is similar to that of the initial condition, and the spacecraft lands on the ground. At that time, an upward

acceleration is imparted to the spacecraft’s main body, while a downward one is imparted to the additional mass. After

landing, the spacecraft kinematic energy and spring elastic energy are exchanged with the additional mass’s kinematic

energy and the ground elastic energy while the spacecraft’s main body sinks to the ground. The spacecraft main body

obtains the kinetic energy by the ground response. At the same time, a part of the kinetic energy of the spacecraft’s

main body is lost by the viscous ground. The additional mass’s kinetic energy becomes the maximum value when the

body’s acceleration becomes maximum and the additional mass kinetic energy and ground elastic energy are exchanged

with the spring elastic energy and kinetic energy of the body. The spacecraft main body is launched after the spring’s

elastic energy reaches maximum, and the maximum downward acceleration is imparted to the main body. The elastic

energy of the spring becomes minimum when the kinetic energy of the additional mass reaches maximum. At that

time, the spacecraft energy is reduced by the additional mass injection.

The G-MEID-A mechanism showed almost the same characteristics as the proposed mechanism. However, some

differences was found in the energy exchange sequences from the spring separation to the landing phase. In the proposed

mechanism, the sum of the kinematic and potential energies of the main spacecraft body increase by spring release.

The energy of the additional mass became smaller at the same time. In the G-MEID-A mechanism, the spacecraft’s

energy was constant, and the additional mass’s energy increased after spring release. The energy exchange duration

was shorter than that in the proposed method. Additionally, the G-MEID-A mechanism had a little more energy at the

beginning of the free fall owing to the potential energy difference associated with the initial spring condition. These

differences make the proposed mechanism advantageous to reach maximum rebound dissipation performance.

B. Design parameter optimization for landing on a well-known ground without uncertainties

Design parameter flexibility is one of the important aspects of mechanism evaluation. Therefore, design parameter

optimization is numerically performed in this subsection. The spring constant (𝑘) and spring release time (𝑡1) were

simultaneously optimized. The optimization was performed both for the proposed and G-MEID-A mechanisms to
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Fig. 8 Time history of energy of the proposed mechanism.

compare their characteristics. The same compression amount, 𝑎, was selected for the G-MEID-A mechanism, by only

changing its sign. Assuming that the ground rigidity was 20 kN/m and 200 kN/m among the parameters shown in

Table 1, the variable parameters were set as the spring stiffness and spring release time. The parameter optimization

was performed under these constraints.

Figures 11 and 12 show the relationship between the spring release time, spring stiffness, and maximum rebound

amount of the proposed and G-MEID-A mechanisms. The horizontal axis represents the difference between the spring

release time and the spacecraft main body’s ground landing time. The vertical axis represents the rigidity of the spring

connecting the spacecraft body and additional mass. The rebound suppression effect of the main body was large in

the portion indicated by black and smaller in that indicated by white. The spring release time was varied every 0.01 s

within the range ±0.2 s from 1.9186 s, the landing time of the spacecraft without the MEID system. The spring stiffness

was varied from 100 N/m to 20 kN/m in increments of 100 N/m.

The proposed mechanism results showed that releasing the spring before landing is more advantageous, regardless

of the ground rigidity. The spring release time for the G-MEID-A mechanism must be close to the main body’s

landing time. If the separation is delayed, the rebound suppression is reduced, and its effect varies depending on

the ground stiffness parameters. The rebound suppression capability of the proposed mechanism also changed with
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Fig. 9 Time history of energy of the G-MEID-A mechanism.
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(b) G-MEID-A mechanism.

Fig. 10 Time history of energy rate.

ground stiffness. However, the variation range depending on the ground stiffness was smaller compared with that in

the G-MEID-A mechanism. This was also caused by the difference in the energy exchange sequence and duration.

In addition, these simulation results indicate the trend of the design parameter optimization. Both mechanisms

tended to suppress the maximum rebound amount of the spacecraft main body when we chose a low-rigidity spring
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for a low-rigidity ground and a high-rigidity spring for a high-rigidity ground. In these mechanisms, the rebound

suppression was achieved by the exchange of the elastic energy for the impact energy at the time of landing and the

momentum exchange between the main body and the additional mass by the additional mass ejection after landing.

The impact energy and additional mass’s injection force were small when the ground rigidity was high. Therefore, a

low-rigidity spring was advantageous here. When the ground had high rigidity, the impact energy was large, and the

momentum had to be exchanged between the main body and additional mass. Therefore, a high-rigidity spring was

advantageous here.

(a) 𝑘 𝑓 = 20 kN/m. (b) 𝑘 𝑓 = 200 kN/m.

Fig. 11 Relationships among the separation time of the spring, spring constant, and maximum rebound amount
of the spacecraft for the proposed mechanism.

(a) 𝑘 𝑓 = 20 kN/m. (b) 𝑘 𝑓 = 200 kN/m.

Fig. 12 Relationships among the separation time of the spring, spring constant, and maximum rebound amount
of the spacecraft for the G-MEID-A mechanism.
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C. Evaluation of robustness against ground stiffness variation

As discussed in the introduction, robustness against ground parameter uncertainties is also an important aspect. In

this section, a spacecraft with the parameters listed in Table 1 was used in the numerical simulation. The simulation

conditions were set to the optimized parameters described in the previous section. The ground rigidity of the landing

site was assumed to be 20 kN/m, and an optimum spring release time of 1.786 s was adopted. Under these conditions,

we investigated the influence of varying ground rigidity on the rebound suppression effect.

Figure 13 shows the relationship between the stiffness variation of the landing site and maximum rebound amount

of the main spacecraft body, whose spring release time was optimized for the rebound suppression of the assumed

ground condition. The simulations were performed on the proposed mechanism, as well as G-MEID-A, and U-MEID

mechanisms. Here, the landing site stiffness was varied from 10 kN/m to 400 kN/m in increments of 100 N/m.

The difference in the landing site stiffness degraded the rebound suppression performance in every mechanism. The

performance degradation was smaller in the proposed mechanism compared with that in the G-MEID-A mechanism

results when the stiffness was larger than the expected value. The stiffness difference caused landing duration

differences. It also caused energy exchange differences in the ground, spring, additional mass, and spacecraft’s main

body. This trend agreed with the parameter optimization results shown in the previous subsection IV B. The energy

exchange sequence and duration were different in these mechanisms. The separation time delay had a more prominent

effect in G-MEID-A than in the proposed mechanism because the energy exchange duration was shorter in the G-

MEID-A mechanism. The U-MEID mechanism did not restrain the spring; hence it had robustness against the ground

stiffness variations. However, the rebound suppression effect itself was smaller than the others. The simulation results

demonstrate the advantage of the proposed mechanism for achieving robustness against ground stiffness variation.

Fig. 13 Relationships between the ground stiffness and the maximum rebound amount of spacecraft.

D. Evaluation of robustness against initial altitude variation

Figure 14 shows the relationship between the initial altitude variation and maximum rebound amount of the main

spacecraft body whose spring release time is optimized to be best for rebound suppression for Table 1 parameters
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and 𝑘 𝑓 = 20 kN/m. The simulations were performed on the proposed mechanism and G-MEID-A, and U-MEID

mechanisms. Here, the initial altitude of the free fall varied from 2.0 to 4.0 m in increments of 0.02 m.

The optimized altitude of 3.0 m becomes the border of the trend for rebound suppression. If the initial altitude is

larger than the optimized altitude, both the proposed and G-MEID-A mechanisms exhibit the same trend for rebound

suppression performance. The spring release occurs earlier than the optimized time for the free-fall condition if the

initial altitude is higher than 3.0 m. If the initial altitude is lower than 3.0 m, the spring release delays the optimized

timing for each free-fall condition. If the landing occurs before the spring release, G-MEID-A and U-MEID mechanisms

show the same tendencies, and only the proposed mechanism differ due to the difference in spring energy. Around

the optimized altitude, the spring length condition and landing time affect each other, and a complex response can be

seen. However, the compressed spring energy better mitigates rebound suppression, and the proposed mechanism is

superior to other mechanisms.
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Fig. 14 Relationship between initial altitude variations and maximum rebound amount of spacecraft.

E. Summary of numerical simulations

This section summarizes the characteristics of the proposed mechanism and its robustness to parameter variations

through numerical simulations. The previous section’s discussion was also confirmed through the numerical simulation.

The simulation results showed that the extension of the energy exchange duration improves the robustness. This is

caused by simultaneously inheriting the characteristics of both mechanical energy and momentum exchange of the

system. This effect mitigated the severe separation time requirement while maintaining the rebound suppression effect

of the previous MEID mechanism. However, the main body was highly accelerated around the landing similar to that

in the previous MEID mechanism.

The additional numerical simulation results demonstrate the design parameter flexibility of the proposed mechanism

in comparison with the previous MEID mechanism results. The proposed method’s characteristics, design parameter

constraints, or separation time requirement, showed that the rebound suppression capability is less decreased compared
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Fig. 15 Experimental system model.

with that of the G-MEID-A mechanism. The robustness to the uncertainties was confirmed through numerical

simulations with possible variations in the spring separation time, spring constant, and ground stiffness. These

parameter variations can be connected to realistic problems. For example, the initial altitude variations can be

considered as the separation time variance. The initial altitude variation causes landing time errors. The spring is

released earlier than optimized time when the free fall starts at higher than the intended altitude.

The optimization results also provided insight into system design. The ground parameter knowledge helped to

enlarge the rebound suppression effect. The optimal spring release time was related to the ground stiffness. When

the ground stiffness increased, the landing duration decreased, and the optimal spring separation happended earlier.

The spring stiffness was also related to the ground stiffness. The optimal spring stiffness increased when the ground

stiffness was larger. Thus, it is important to limit the parameter survey area of Monte–Carlo studies in system parameter

design. In addition, the proposed mechanism shows the highest robustness against ground stiffness variation compared

with U-MEID, and G-MEID-A mechanisms.

V. Experimental simulations for lunar landing problems
In this section, we present the free fall experiments performed to confirm the previous section’s discussions. A

spring with a long length and small stiffness as described in the conclusion of the previous section was selected.

Additional terms and unknown parameters were incorporated into the previous model: the viscous friction 𝑓𝑐𝑔 of

the linear motion guide and the mechanical loss 𝑓𝑔 during the spring separation (Fig. 15). Equation 20 expresses the

equation of motion after the spring separation. Viscous friction worked in the direction opposite to motion in proportion

to speed, 𝑓𝑐𝑔 = −𝑐𝑔𝑣. Mechanical loss worked in a direction opposite to motion with a constant force. These unknown

mechanical parameters originated from one-dimensional constraints, and they were determined through the comparison

of numerical and experimental simulation results.
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The proposed mechanism, G-MEID-A, and U-MEID mechanisms were selected for the experiments. Five different

ground rigidities were selected to evaluate the rebound suppression performance and robustness against the ground

parameter variations.

A. Experimental system

In the experiments, various design parameters were set using a 1/6G similarity rule [42] to construct an experimental

system equivalent to the lunar landing problem. Five materials (from MISUMI Corporation [44]) were selected to

apply to the grounds and verify the robustness against ground stiffness variation. The stiffness,𝑘 𝑓 , and the viscosity,

𝑐 𝑓 , of each ground are experimentally defined as follows:

• SGNB (SponGe sheet of Nitrile ruBber, Asker: C30) 𝑘 𝑓 = 81.94 kN/m, 𝑐 𝑓 = 77.57 N·s/m

• SUTLL (super-low hardness sheets, shore hardness: A15) 𝑘 𝑓 = 93.28 kN/m, 𝑐 𝑓 = 65.00 N·s/m

• AMSET (AMber color rubber ShEeTs of natural rubber, shore hardness: A45) 𝑘 𝑓 = 700.2 kN/m, 𝑐 𝑓 =

177.5 N·s/m

• RBTMF (nitrile rubber sheet, shore hardness: A50) 𝑘 𝑓 = 3657 kN/m, 𝑐 𝑓 = 737.5 N·s/m

• RBNMF (nitrile rubber sheet, shore hardness: A70) 𝑘 𝑓 = 6614 kN/m, 𝑐 𝑓 = 1046 N·s/m

Appendix A presents the details of the ground parameter determination.

Figure 16(a) shows an overview of the experimental and measurement systems. Figure 16(b) shows the details of

the experimental device. The experimental system motion was one-dimensionally constrained to apply the numerical

simulation model and performed only a free fall experiment. The system consisted of an additional mass, a spring,

the main body equipped with a spring release device, and an additional mass release device. Each releasing device

consisted of a cylindrical pipe with holes, a screw, and plastic balls. Figure 17 presents the details of the release

mechanism. The separation devices had cylindrical pipes. The plastic balls were set into the holes in the pipes and

held the connection of the devices by their plate parts. The screws attached at a predetermined altitude extruded the

plastic balls to release the connection. The spring was released at a fixed altitude. The release device operation can be

derived from the free fall equation, and the spring release can be reproduced using the optimal time.

Table 2 shows the parameters for the experiments. The initial altitude was set to 0.5 m corresponding to a free

fall from an altitude of 3m to the lunar surface through the 1/6G similarity rule. The experimental condition was set

up using the 1/6 G similarity rule, which defines the ratio of the physical quantities. Here, the ratio of the physical
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quantities is assumed the same on the Earth and moon. The displacement was set as 1/6, the velocity remained the same,

the acceleration was increased 5 times, and 1/216 of the mass was used to emulate the lunar lander’s motion under the

Earth environment. The experiments were performed using the proposed mechanism, and U-MEID, and G-MEID-A

mechanisms. This experiment corresponded to the numerical simulation of the robustness of the ground rigidity in

the previous section. The spring release time was set as the optimized parameter of the numerical simulations of the

SGNB ground parameter which had the lowest rigidity. The times were set to 0.265 s from the beginning of the free

fall in the proposed mechanism and 0.295 s in the G-MEID-A mechanism. The trials for each experimental condition

were performed 10 times to ensure their reliability.

Similar to that in the previous section, the maximum rebound amount was the measurement parameter used to

evaluate the device performance. The trajectories of the main body and the additional mass were recorded by a motion

capture system developed by OptiTrack Japan Co. Ltd. [45]. The measurement data were acquired every 8 ms, and its

resolution was approximately 0.02 mm.

(a) Overview of the system.

Shaft

Spring release 
mechanism

Additional 
mass

Additional mass 
release mechanism

Main body

Ground

(b) Close-up of the experimental device.

Fig. 16 Experimental system.

B. Experimental results

Figure 18 shows the time history displacement results of the proposed and G-MEID-A mechanisms on to the

AMSET ground, together with a comparison of the numerical simulation results and primary frame images of the

experiments. The spring was kept compressed until the release time in the proposed mechanism. The spring was at the

stretched state at the time of landing. The additional mass was also ejected by the energy accumulated in the spring.

Moreover, the spring was kept stretched until the release time in the G-MEID-A mechanism. After the landing, the

additional mass was injected by the accumulated energy in the spring.

The numerical simulation results also agree with the experimental results, indicating the reliability of the constructed
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Fig. 17 Details of the release device.

Table 2 Parameters for the experimental simulation

Parameter Symbol Value Unit
Body mass 𝑚1 0.399 kg
Additional damper mass 𝑚2 0.0576 kg
Spring natural length 𝑙 0.10 m
Spring constant 𝑘 384 N/m
Initial compression length 𝑎 0.02 m
Initial altitude ℎ0 0.5 m
Initial velocity 𝑣0 0.0 m/s
Gravitational acceleration 𝑔 9.807 m/s2

Stiffness between spacecraft and ground 𝑘 𝑓 Variable N/m
Viscous damping between spacecraft and ground 𝑐 𝑓 Variable kN·s/m

model. The viscous friction of the linear guide, 𝑐𝑔, and the mechanical loss, 𝑓𝑔, were set to 0.09 N·s/m and 8 N,

respectively, through the comparison of the experiment and numerical simulation results.

Figures 19 summarize the experimental results of each mechanism and the corresponding numerical simulation

results about the averaged maximum rebound amount with the standard deviation for the experimental results. The

errors were caused by the measurement errors from the motion capture, spring separation time errors from the

mechanical configuration, and energy loss variations during the spring and additional mass separation. The viscous

friction of the linear guide (𝑐𝑔) and the mechanical loss ( 𝑓𝑔) values were the same in numerical simulations in Fig. 18.

The lower right figure compares the averaged maximum rebound amount achieved in the experiment.

Table 3 summarizes the experimental results of the energy dissipation rate of each mechanism. The bold values

and italic values are the highest and lowest rebound suppression values for each ground condition, respectively. The

energy dissipation rate 𝜂 [%] is defined as:
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Fig. 18 Comparison of the experimental and numerical simulation results together with the primary frame
images of the experiments; (left) proposed mechanism, (right) G-MEID-A; A) free fall, B) spring release, C)
landing, D) additional mass ejection.

𝜂 =
ℎ0 − ℎ

ℎ0
× 100, (21)

where ℎ0 is the initial altitude, and ℎ is the maximum rebound amount.

The experimental results showed the advantages of the proposed mechanism compared to the U-MEID mechanism

in rebound suppression performance for all ground conditions. The advantage in rebound suppression capability of

the proposed mechanism to G-MEID-A mechanism increases, as the ground rigidity increases. The results showed the

proposed mechanism’s high rebound suppression capability, and its robustness against parameter variations, such as

the rigidity and viscosity of the ground, compared to the G-MEID-A mechanism. The experimental results’ tendencies

agree with the previous sections’ discussions, and support their validity. Here, the discussions only consider the ground

that can be modeled as a combination of the spring and damper, as shown in the previous section. For different

characteristics ground models, a case study is discussed in Appendix B.

Table 3 Experimental results of energy dissipation rate for each mechanism, %

Mechanism SGNB SUTLL AMSET RBTMF RBNMF
Proposed 91.1 89.7 85.8 81.9 82.8
G-MEID-A 89.2 88.3 83.3 74.3 70.1
U-MEID 83.9 81.7 82.7 76.0 71.0

VI. Case Study: Combined Application to Microgravity Bodies’ Landing Problem
The previous sections performed the ground experiment assuming the lunar landing problem and compared it with

the numerical simulation results because it has the confirmed relationship between the ground experiment and the real
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Fig. 19 Experimental results.

landing problem. The results showed that the proposed mechanism is effective and robust for delivering high rebound

suppression performance despite landing site variations, such as rigidity and viscosity. Some unmodeled aspects to

realize the experimental mechanism were also added to the simplified conceptual model, and those parameters were

identified by the experimental results. However, as shown in Fig. 7 in Section IV, the capability to mitigate shock

acceleration provided by only the proposed mechanism, if it is applied to the lunar landing problem, is not so high.

From these characteristics, additional case studies for the proposed mechanisms are discussed. As explained in

Section II, the landing problem of microgravity celestial bodies has a critical rebound suppression requirement, and

their landing site parameters demonstrate a wide range of uncertainties. In this case study, the disadvantage of the

acceleration mitigation performance was overcome by combining the proposed mechanism with other mechanisms to

reduce shock acceleration. During the landing on microgravity celestial bodies, even a tiny residual energy causes

rebound, and a single landing mechanism cannot achieve severe energy dissipation requirement.

This section shows the case study results, in which the proposed mechanism dissipates the remaining energy through

the metal-plastic deformation of the shock absorber. The effect is verified through the numerical simulations of the

case of microgravity exploration probe, future program, called Martian Moons eXploration (MMX), plans to land to

Mars’ satellite Phobos. The MMX’s spacecraft will be launched in 2024. The energy dissipation requirement for the

MMX was set as the numerical simulation conditions in this section. Over 99% energy dissipation must be achieved

for this mission to decrease the overturning risk [11, 24].

Table 4 shows the numerical simulation conditions. In Ref. [25], the system has 4 landing gears and each mass

is 10 kg, and the total system mass is 1700 kg. Therefore, the main body mass is set as 400 kg, and footpad is set as
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Table 4 MMX simulation parameters

Parameter Symbol Value Unit
Body mass 𝑚1 400 kg
Footpad mass 𝑚 𝑓 𝑡 10 kg
Shock absorber length 𝑙 3 m
Initial altitude ℎ0 10.0 m
Initial velocity 𝑣0 0.0 m/s
Gravitational acceleration 𝑔 0.0049 m/s2

Stiffness between spacecraft and ground 𝑘 𝑓 60 kN/m
Viscous damping between spacecraft and ground 𝑐 𝑓 0.2 kN·s/m

10 kg. The gravity was 1/2000 of the Earth, and the initial altitude of the free fall was 10 m. The celestial body surface

condition had uncertainties even through it can achieve proximity for the actual landing. Therefore, rock surface, which

can easily cause rebound, was assumed as the worst-case scenario for the rebound suppression problems. This value

is the same as in the previous section. A reaction force to the shock absorber was assumed to work by the ground

stiffness, 𝑘 𝑓 , while the leg tip was on the negative side of the ground surface. A footpad was mounted on the tip of the

leg.

The material of the shock absorber was assumed to be an open-cell type porous metal made of AlSi10Mg whose

Young’s modulus was 70 GPa, yield stress was 220 MPa, and porosity was 93%. Ideally, this shock absorber keeps

exerting a constant force of 200 N during plastic deformation [46].

The proposed landing mechanism was systematically evaluated. First, the performance of the shock absorbing

material itself was confirmed through the numerical simulation. Figure 20 shows the time histories of the spacecraft

body, footpad, and leg length displacements. Here, this figure starts from when the footpad reached a 1.5 m altitude.

The maximum rebound amount was 0.132 m, and its energy dissipation rate was 98.7%. This value does not satisfy

the requirement for the rebound suppression energy for the MMX mission.

Next, numerical simulations were performed for the proposed landing mechanism, which consisted of the shock

absorber and proposed MEID mechanism. The energy dissipation performance was improved by combining it with

the proposed mechanism. The natural length of the spring was set to 0.5 m. The initial compression amount was set to

0.3 m. The spring stiffness was set to 300 N/m. The additional damper mass was set to 15.0 kg. In Ref. [26], the mass

budget table of the Philae system shows its total mass is 97.89 kg and the sum of the landing mechanism is 13.94 kg.

Here, the mechanism comprises an active descent system, anchors, and landing gear, whose mass is 15% of the total

system. The proposed system mass is 425 kg in total and the landing system mass is 25 kg, which is 6% of the total

system mass.

Figure 21 shows the time history of the displacement of the spacecraft body, damper mass, footpad, and leg length.

This figure also starts from when the footpad reached a1.5 m altitude. The maximum rebound amount was 0.085 m,
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and its energy dissipation rate was 99.15%. Figure 22 shows the energy dissipation results under the stiffness between

spacecraft and ground, other simulation parameters are the same as Fig. 21. This result shows the proposed system

has some robustness for the ground parameter variations. These results showed the feasibility of landing with a high

energy dissipation requirement such as on microgravity celestial bodies using the proposed landing mechanism. The

MEID mechanism achieved the rebound suppression with the additional compression of the shock absorber in addition

to the energy and momentum exchange to the additional mass. In combination with the proposed MEID mechanism, a

higher energy dissipation can be achieved which cannot be achieved only by using a conventional method, such as the

shock absorber.

The numerical case study results present the effectiveness of the proposed concept; however, this work only

considers the one-dimensional motion. To apply this concept to real problems, there are many aspects to be discussed,

such as three-dimensional motions. For example, the risks for tip-over have to be considered in three-dimensional

analysis. Many other sources could deteriorate landing performance, such as errors during landing, mass injection

timing, and the effect of the moment, or horizontal acceleration. We have to perform more specific and realistic analysis

to apply this system to real problems. Moreover, the effect of energy storage in the lander structure also has to be

considered for realistic analysis. We provide a brief discussion on this topic in Appendix C.
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(a) Time series history of the spacecraft body and footpad.
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Fig. 20 Performance of the shock-absorber.

VII. Conclusion
This study proposes a robust rebound suppression mechanism by utilizing an additional mass and spring. It

simultaneously considers the characteristics of both mechanical energy and momentum exchange. The proposed

mechanism can be achieved without complexity and with high rebound suppression capability and robustness despite

arbitrary landing site conditions. The system is lightweight and reusable in the ground-verification phase. The design
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Fig. 21 Performance of the shock-absorber and proposed landing mechanism.
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Fig. 22 Enegry dissipation rate under ground stiffness variations.

characteristics were primarily clarified mainly through numerical discussions. The relationships between the design

parameters and their design methods were also discussed with the help of a simplified conceptual model.

Various numerical simulations were performed to verify the effects of possible parameter variations. Especially,

robustness against surface property variation was investigated because the surface properties of the landing point are

unknown during the design phase of the spacecraft. The results showed the comparable rebound suppression capability

and improvement in robustness against unknown surface parameters compared to the mechanism which shows the best

rebound suppression capability among the previous momentum exchange impact damper (MEID) series. These results

are due to the longer energy exchange duration, and the effect of simultaneously taking into account the characteristics

of both the mechanical energy and momentum exchange of the system. Our approach achieves the mitigation of

extremely sensitive separation time requirement while maintaining the rebound suppression capability. However, the
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main body was highly accelerated around the landing as with the previous mechanism.

The verification of the constructed mechanism was also performed through numerical and experimental simulations

for the lunar landing problems, whose correlation between the on-ground experiment and realistic landing conditions

is already known from previous studies. The results show the effectiveness of the rebound suppression performance of

the proposed mechanism in comparison to other momentum exchange mechanisms.

An additional case study was also performed to show the applicability of the proposed mechanism to microgravity

celestial body landings. This proposal was considered to perform the remaining energy dissipations of the other shock

absorber. The simulation condition is set up assuming an imaginary microgravity exploration, referring to a project

that aims to land on the Martin satellite Phobos in the future. The results showed the potential application opportunities

of the proposed system in addition to the single utilization opportunities. However, landing on microgravity celestial

bodies has different characteristics from landing on a planet or large moon, and the influence of the non-gravitational

effect becomes larger in a real environment. The current discussion focuses only on the rigid lander, its gravity effects,

and a more detailed analysis has to be performed to apply this system to a realistic problem.

A. Ground parameters identification
The ground is considered as a spring-damper model, as shown in Fig. 23. Ground parameters 𝑘 𝑓 and 𝑐 𝑓 can be

obtained using the experimentally identified reflection coefficient 𝑒1, and ground contact duration 𝑡0. The experimental

mass is set as 𝑚1.

Main body m1

Ground
kf cf

x

x1(t)

Fig. 23 Model of the connecting part between the body and ground.

The equation of motion becomes:

𝑚1 ¥𝑥1 + 𝑐 𝑓 ¤𝑥1 (𝑡) + 𝑘 𝑓 𝑥1 (𝑡) = 0. (22)

Here, the initial condition at the landing time is set as follows:

𝑥1 (0) = 0,

¤𝑥1 (0) = 𝑣0,

(23)

where, 𝑣0 is the velocity of the mass prior to landing.
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The displacement of the experimental mass can be derived from Eq. (22):

𝑥1 (𝑡) =
𝑣0

𝜔
√

1 − 𝜁2
exp(−𝜁𝜔𝑡) sin (𝜔

√
1 − 𝜁2𝑡), (24)

where,

𝜔 =

√
𝑘 𝑓

𝑚1
,

𝜁 =
𝑐 𝑓

2
√
𝑚1𝑘 𝑓

. (25)

The ground contact duration 𝑡0 is the duration from the landing to the time when the spring returns to the static

state:

𝑡0 =
𝜋

𝜔
√

1 − 𝜁2
. (26)

The reflection coefficient 𝑒1 is the ratio between the velocities before and after contact and can be expressed as:

𝑒1 = − ¤𝑥1 (𝑡0)
𝑣0

= exp(− 𝜋𝜁√
1 − 𝜁2

). (27)

Therefore, ground parameters 𝑘 𝑓 and 𝑐 𝑓 can be derived with the measurable variables, mass 𝑚1, reflection

coefficient 𝑒1, and ground contact duration 𝑡0 as:

𝑘 𝑓 =
𝑚1

𝑡20
{(ln 𝑒1)2 + 𝜋2},

𝑐 𝑓 = −2𝑚1
ln 𝑒1

𝑡0
. (28)

The experiment was performed by the free fall of an aluminum plate with a conductor. A thin aluminum sheet was

set on the ground, and the contact duration was measured by the energized duration through the oscilloscope. The

sampling period was 0.5 ms. The reflection coefficient was measured by the time series displacement captured by the

motion capture system, as explained in Section V.B. The experimental conditions and trial numbers were also similar

to those presented in Section V. Table 5 summarizes the results of the experiments and identifications. The standard

deviation is shown with a ± sign.
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Table 5 Experimental results of landing ground parameters

Landing ground 𝑡0 [ms] 𝑒1 [−] 𝑘 𝑓 [kN/m] 𝑐 𝑓 [N·s/m]

SGNB 6.5±0.16 0.466±0.018 81.94±3.80 77.57±4.13
SUTLL 6.0±0.00 0.552±0.007 93.28±1.28 65.00±1.29
AMSET 2.3±0.46 0.548±0.017 700.2±21.4 177.5±30.6
RBTMF 1.0±0.05 0.326±0.015 3657±34.8 737.5±31.0
RBNMF 0.75±0.01 0.307±0.053 6614±232.7 1046±148.7

B. Case study using another ground model
This study focuses on mechanisms that can provide the robustness against ground surface uncertainties; however,

the main discussions consider only the ground, which can be modeled by the spring and damper. Assuming a one-

dimensional rebound suppression problem, rebound tends to be easier in the utilized model than with highly dissipative

materials such as sand or regolith. This means that the numerical analysis was performed under worst-case scenario.

Previous studies have shown that the ground modeling of the sand or regolith is not the same as the ground that of

rubber. Therefore, the ground model has to be modified. Equation (29) shows an example model of the force 𝐹

developed on the footpad from a soft surface derived from the experience of Surveyor missions [47]:

𝐹 = 𝑝0𝐴(1 + 𝑐𝑠) + 𝜌1𝜌1

𝜌2 − 𝜌1
𝐴 ¤𝑠2. (29)

where, 𝑝0 is the static bearing pressure of the surface (3.4 × 104 N/m2), 𝐴 is the effective footpad area, 𝑐 is the frictional

constant (3.3 m−1), 𝑠 is the depth of penetration, ¤𝑠 is the velocity of penetration, 𝜌1 is the original density of soil (1.2

× 103 kg/m3), and 𝜌2 is the density of soil compressed by footpad (1.6 × 103 kg/m3). The parameters are defined in

Ref. [48].

The numerical simulations were performed with the modified ground model using the same proposed system. Here,

the viscous friction of the linear motion guide and mechanical loss were considered 0 to simplify the problem. The

effective footpad area was 0.004 m2 from the dimensions of the main body.

The obtained results were compared with the numerical simulation with SGNB results. Figure 24 shows the effect

of delay on separation time. Here, the separation time was 0.265 s which is ideal value for the SGNB ground. Figure 25

shows the time histories of the displacement of the main bodies with the ideal separation time for each ground. In both

figures, SNGB shows the results for the spring and damper ground, and regolith shows the results for the modified

ground. The experimental results show similar tendencies in rebound suppression performances despite the ground

material differences.
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Fig. 24 Relationships between the separation time delay and the maximum rebound amount of spacecraft.
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Fig. 25 Time histories of the displacement of the main bodies with the ideal separation time.

C. Effect of energy storage in the lander structure
The experimental system of this study is characterized by high-rigidity; however, the lightweight lander tends to

have a flexible structure. In this case, the stiffness of the landing gear or spacecraft structure has to be considered

for a more realistic analysis. Therefore, this section performs an additional numerical analysis. Figure 26 shows the

modified system model. The stiffness and mass of the landing gear were modeled based on the established model, by

dividing the main body model into two components: the main body and landing gear. These two components were

combined with the spring element, whose natural length is 𝑙𝑔, and spring constant is 𝑘𝑔.
The landing gear, main body, and additional mass are defined as 𝑚1, 𝑚2, and 𝑚3, respectively. The displacement,

velocity, and acceleration of the landing gear, main body, and additional mass are defined as 𝑥1, 𝑥2, 𝑥3, ¤𝑥1, ¤𝑥2, ¤𝑥3, ¥𝑥1,
¥𝑥2, and ¥𝑥3, respectively. The equation of motion after the spring separation can be expressed as Eq. (30).


𝑚1 0 0

0 𝑚2 0

0 0 𝑚3




¥𝑥1 (𝑡)

¥𝑥2 (𝑡)

¥𝑥3 (𝑡)


+


𝑐 𝑓 0 0

0 0 0

0 0 0




¤𝑥1 (𝑡)

¤𝑥2 (𝑡)

¤𝑥3 (𝑡)


+


𝑘𝑔 + 𝑘 𝑓 −𝑘𝑔 0

−𝑘𝑔 𝑘𝑔 + 𝑘 −𝑘

0 −𝑘 𝑘




𝑥1 (𝑡)

𝑥2 (𝑡)

𝑥3 (𝑡)


=


−𝑚1𝑔 + 𝑘𝑙𝑔

−𝑚2𝑔 − 𝑘𝑙𝑔 + 𝑘𝑙

−𝑚3𝑔 − 𝑘𝑙


(30)
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Fig. 27 Maximum rebound amount under landing gear stiffness variations.

A case study was conducted using this model. The main parameters were defined as shown in Table 2 by considering

the landing problems on the SGNB ground. The spring release time was set as 0.265 s, 𝑙𝑔 was 0.1 m, whereas 𝑘𝑔

was varied. Figure 27 shows the maximum rebound amount under landing gear stiffness variations. The maximum

rebound amount increased as the stiffness decreases. When the stiffness increased, the rebound amount was almost the

same as that without considering landing gear stiffness. Thus, we have to include the landing gear’s stiffness in case

of high flexibility. For example, Rosetta lander uses a stiffness of 5.5 × 104 N/m [49]. The effects of the landing gear

stiffness and its frequency cannot be ignored for realistic considerations.
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