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Abstract: This paper presents a multi-layered hydraulic attenuation system designed for the controlled verti-
cal landing of a crewed rocket second stage (Stage 2). The proposed architecture integrates three independently
controlled, actively damped subsystems—a robotic catching arm assembly mounted on a vertical tower, hydraulic
landing legs affixed to the rocket structure, and a translating hydraulic landing platform—to distribute the decelera-
tion impulse over an extended distance and time interval. By coupling three active hydraulic stroke elements with a
cumulative deceleration distance of darm +dieg +dpad, Peak acceleration experienced by the crew is maintained within
proposed human-graded limits, referenced against NASA’s established crew tolerance criteria of 3 g sustained and
6 g transient loading [1]. A physics-based analysis grounded in the impulse-momentum theorem demonstrates that
translating the landing surface concurrently with the descending vehicle substantially reduces the net impulsive force
compared to a static landing surface. A feedback control architecture employing hydraulic utilization monitoring
governs the coordinated response of all three subsystems through three distinct operational phases: powered descent
to arm capture, arm-guided descent to platform contact, and fully hydraulic deceleration to rest. The three-layer
redundancy provides progressive safety margins and contingency capacity for off-nominal arrival conditions. System-
level force balance equations, energy dissipation models, and control laws are derived using symbolic parameters

and validated against human tolerance boundaries.

I. System Overview and Objectives

The recovery and reuse of rocket stages represents
a transformative capability in space transportation.
While first-stage booster recovery has been demon-
strated through propulsive vertical landing [7], the re-
covery of a crewed second stage—henceforth referred to
as Stage 2—introduces stringent constraints on the de-
celeration environment experienced during touchdown.
For a human-rated landing system, the peak accelera-
tion must remain within physiological tolerance limits
throughout the entirety of the landing event [1, 9].

This paper proposes a landing architecture that em-
ploys three coordinated, actively controlled hydraulic
subsystems to distribute the landing impulse over a sub-
stantially greater distance and time interval than any
single mechanism could achieve independently. The fun-
damental physics principle underlying this approach is
rooted in the impulse-momentum theorem [2]: when a
landing surface translates in the direction of the de-
scending vehicle’s motion during the moment of contact,
the relative velocity between the vehicle and the sur-
face is reduced, thereby diminishing the impulsive force
transmitted to the structure and its occupants.

The proposed system comprises three principal ele-
ments, illustrated schematically in Fig. 1:

1. Robotic Catching Tower with Hydraulic
Arms: A tower structure positioned adjacent to the
landing site, taller than the Stage 2 vehicle, equipped
with two robotic arms that capture the vehicle at
structural hard points located near the top of the
stage. The arms translate vertically on hydrauli-
cally damped carriages with a maximum stroke dis-
tance darm-

2. Active Hydraulic Landing Legs: Landing legs
mounted to the base of Stage 2, each incorporating a
controlled (variable-orifice) hydraulic shock absorber
with a maximum stroke distance dic,. These legs
serve as the primary energy absorption interface upon
contact with the landing platform.

3. Translating Hydraulic Landing Platform: A
ground-based platform that translates vertically
downward upon contact with the rocket’s landing
legs, driven by a controlled hydraulic actuation sys-
tem with a maximum stroke distance dpaq.

The total available deceleration distance is therefore:

dtotal = darm + dleg + dpad (1)



The operational concept proceeds through three
phases. In Phase 1, the rocket descends under engine
thrust and gimbal control toward the catching tower.
In Phase 2, the robotic arms capture the vehicle, and
the combined system of arm damping and engine thrust
guide the rocket downward toward the landing platform.
In Phase 3, the landing legs contact the platform, the
engine transitions to idle, and the three hydraulic sub-
systems absorb the remaining kinetic energy to bring
the vehicle to rest. This phased approach ensures that
at no point during the landing sequence does the crew
experience accelerations exceeding the proposed human-
graded limits.

Nomenclature

a Acceleration (m/s?)

Amax Maximum allowable acceleration (m/ 52)
Ay Variable orifice area (m?)

Ap Piston area (m?)

c Damping coefficient

Cq Discharge coefficient

darm Arm carriage stroke distance (m)
dieg Landing leg stroke distance (m)
dpad Platform stroke distance (m)

e(t) Control error signal

F Force (N)

g Gravitational acceleration (9.81m/s?)
Jmax Maximum jerk (m/s3)

K,,K;, Kq PID controller gains

me Rocket mass (kg)

n Velocity exponent

Nicgs Number of landing legs

Uy Rocket descent velocity (m/s)

n Hydraulic utilization ratio

p Hydraulic fluid density (kg/m®)
Oleg Landing leg inclination angle (rad)

II. Component Analysis and Governing
Equations

This section presents the physics and governing equa-
tions for each subsystem. All three subsystems employ
controlled hydraulic damping as the primary energy dis-
sipation mechanism. We first develop the unified hy-
draulic damper model, then specialize it for each com-
ponent.

A. Controlled Hydraulic Unified

Model

Damper:

A hydraulic damper dissipates kinetic energy by forcing
fluid through an orifice, converting mechanical energy
to thermal energy via viscous losses. For a controlled

(variable-orifice) damper, the orifice area A, can be
modulated in real time to vary the damping force [3, 4].

The instantaneous damping force produced by a hy-
draulic damper is given by the orifice flow equation de-
rived from Bernoulli’s principle [4]:

pAY .

Fa=serzt @)
where p is the hydraulic fluid density, A, is the pis-
ton area, Cq is the discharge coeflicient (typically 0.6—
0.7) [4], Ay is the variable orifice area, and 4 is the piston
velocity. The quadratic velocity dependence arises from
the turbulent flow regime characteristic of high-velocity
impact events.

For control purposes, it is convenient to express the
damping force in the generalized form:

Fy=c(A) 2" (3)

where ¢(Ay) is the controllable damping coefficient that
depends on the orifice area, and n is the velocity expo-
nent (n = 2 for fully turbulent flow, n = 1 for laminar
flow) [3]. In practice, 1 < n < 2 depending on the
Reynolds number of the flow.

The energy dissipated by the hydraulic damper over
a stroke d is:

d d
Ediss = / Fadx = / c(Ay) ™ dx (4)
0 0

The damping coefficient may be actively modulated
by varying the orifice area according to a control law.
For a proportional control scheme [5]:

A(t) = A% + K, elt) + K, /Ot e(r)dr + Kqé(t) (5)

where A% is the nominal orifice area, e(t) is the error sig-
nal (deviation from a desired state), and K,,, K;, K, are
the proportional, integral, and derivative gains, respec-
tively. The selection of these gains determines the tran-
sient response and stability of the damping system [5].

B. Impulse-Momentum Framework

The impulse-momentum theorem provides the funda-
mental relationship governing the landing event [2]. For
a rocket of mass m, decelerating from velocity v, to ve-
locity vs:

/ Pty dt = my (0 — 1) (6)

ty

The average force experienced during the landing is:

_ m,Av
o=
At (7)
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Figure 1: Schematic of the multi-layered landing system showing the three hydraulic subsystems: robotic catching
arms (stroke darm), active landing legs (stroke dieg), and translating hydraulic platform (stroke dpaq). The Stage 2
vehicle descends with velocity v, toward the catching tower.

When the landing surface translates with velocity
Upad in the same direction as the rocket’s descent veloc-
ity v, the relative velocity at contact is:

Urel = Ur — Upad (8)

The momentum change experienced by the rocket
upon engaging with a moving surface is proportional to
this relative velocity rather than the absolute velocity.
The impulsive force is therefore [2]:

My Urel M (Ur — Vpad)

Empulse = At At (9)

This is the central physical insight: by designing a
landing surface that moves with the descending rocket
at the moment of contact, the effective impulsive force is
reduced by a factor of (vy —vpad)/vr compared to a static
surface. This principle extends to all three subsystems—
each one contributes to reducing the relative velocity at
its respective interface.

C. Work-Energy Dissipation Across Three Sub-
systems

By the work-energy theorem [2], the total kinetic energy
of the descending rocket must be dissipated by the com-
bined action of all active subsystems plus any residual
engine thrust:

1

imr ’U(% = Earm + Eleg + Epad + Wthrust + Wgravity (10)

where vy is the rocket velocity at the moment of arm cap-
ture, Earm, Fleg, and Ep,q are the energies dissipated by
the respective hydraulic subsystems (each computed via
Eq. (4)), Winhrust is the work performed by engine thrust
during the descent (prior to idle transition at pad con-
tact), and Wiravity is the work done by gravity over the
total descent distance.
The gravitational work term is:

(11)

where g is gravitational acceleration. Note that grav-
ity acts in the direction of motion (downward), adding
energy to the system that must be absorbed.

Wgravity =My g dtotal



Including gravity, the full energy balance becomes:

1
imr 0(2) +my g dtotal = Earm +E1cg +Epad +Wthrust (12)

D. Robotic Catching Arms

The catching tower is a vertical structure of height
Htowery SatiSfying Htower > Hrocket + darm + 6margin7
where Hocket 18 the height of the Stage 2 vehicle and
Omargin 15 a safety margin. Two robotic arms extend
horizontally from a carriage that rides on vertical hy-
draulic rails.

The arm carriage is actuated by a controlled hy-
draulic system. Upon capturing the rocket at the struc-
tural hard points, the carriage begins its downward
stroke. The equation of motion for the arm carriage dur-
ing Phase 2 is obtained from Newton’s second law [2]:

(mr + marm) jarm - (mr + marm) g + Fthrust - Fd,arm

(13)

where mg,y, is the mass of the arm carriage assembly,

Zarm 18 the downward acceleration, Fippust is the upward

engine thrust (with the sign convention that positive is

downward), and Fy arm is the hydraulic damping force
from the arm’s controlled damper (Eq. (2)).

The damping force for the arm hydraulic system is:

Fd,arm = Carm (Agrm) j"aﬁ"m (14)

The maximum deceleration experienced during the

arm-guided phase must satisfy:

|arm| < Gmax (15)

where . 1S the human tolerance acceleration limit
(proposed at 3g for sustained loading) [1].

E. Active Hydraulic Landing Legs

Each landing leg incorporates a controlled hydraulic
shock absorber that compresses upon contact with the
landing platform. For Niegs landing legs, each inclined
at angle 0o, from the vertical, the vertical component
of the total damping force is [10]:

Fi1eg = Niegs cleg(Al,Cg) (Z1eg COS Oleg)™ cOSBleg  (16)

The hydraulic utilization ratio for the landing legs is
defined as: 0
il t
mea(t) = 2550 a7)
leg
where Zieq(t) is the current stroke displacement and dieg
is the maximum allowable stroke. This ratio serves as
the primary feedback signal for the coordinated control
system (see Section 2.7).

The energy absorbed by the landing legs is:

dleg
Eleg = Nlegs /0 Cleg (Aileg) (djleg Ccos 91eg>n Ccos 916g dwleg
(18)

F. Translating Hydraulic Landing Platform

The landing platform is a rigid surface mounted on a hy-
draulic actuation system that permits controlled vertical
translation over a stroke distance dpaq. Upon receiving
the signal that the landing legs have made contact (via
force/pressure sensors in the legs), the platform con-
troller engages.

The equation of motion for the platform is:

(mpad +mr) ipad = (mr +mpad) 9g— Fd,pad 7Fd,leg (19)

where mpaq is the platform mass and Fy paq is the plat-
form’s hydraulic damping force:

Fapad = Cpad(AP) drf0g (20)
The platform utilization ratio is:

Tpad (t)
dpad

Npad (t) = (21)

G. Coordinated Feedback Control System

The three subsystems are coordinated through a hierar-
chical control architecture [5, 6]. The control law gov-
erning the platform velocity response is linked to the leg
utilization ratio:

Upad,nom + Kpad (nleg - nthresh)

(22)

where 7hresn 1s the utilization threshold (proposed at

0.75), Upad,nom is the nominal platform descent veloc-

ity, and Kpaq is the proportional gain. The platform
velocity is bounded:

0 < Upad(t) < Upad,max (23)

Similarly, the arm subsystem provides an interven-
tion response during Phase 3 if the rocket velocity re-
mains excessive as the platform approaches its stroke
limit:
arm (npad - npad,crit) 'Ur(t) (24)

Farm,intervene =

where pad,crit 18 a critical platform utilization threshold
(e.g., 0.85) beyond which the arms re-engage to provide
supplementary deceleration force.

The deceleration profile for the final approach to rest
must satisfy the jerk constraint [12]:

da

< -maX 25
g S (25)

lf nleg S Mthresh
if Meg > Tthresh



where a is the acceleration and jpa.x is the maximum
allowable jerk. Minimizing jerk produces a smooth de-
celeration profile and is essential for crew comfort and
structural integrity [12].

The optimal deceleration profile to bring the rocket
from velocity v to rest over a remaining distance dyem
with bounded acceleration and jerk is described by a
trapezoidal acceleration profile [13]:

Jmax © 0<t<ty
a(t) =  Gmax t <t<ty (26)
Amax — jmax(t - t2) t2 < t S t3

where t1, t2, and t3 are determined by the boundary
conditions v(t3) = 0 and f53 v(t) dt = dyem [13].

III. Operational Landing Sequence

This section describes the complete landing sequence
from atmospheric entry to full stop. The operational
timeline is divided into three distinct phases, each gov-
erned by different combinations of the active subsys-
tems.

A. Phase 1: Powered Descent to Arm Capture

Stage 2 executes a deorbit burn and enters the atmo-
sphere on a trajectory toward the landing site. During
the terminal descent phase, the vehicle performs a land-
ing burn using its main engine(s) and gimbal control to
decelerate and guide itself toward the catching tower’s
capture envelope [7, 8].

The equations of motion during powered descent,
neglecting aerodynamic forces near the terminal phase

m;ld (low velocity, near sea level), are [2]:
| Pad My 2 = Fihrust — M g (29)
Sensors
where z is the vertical coordinate (positive upward), and
N Commuta Comtrol L i Finrust 18 the thrust force directed upward. The gimbal
Seniirs —> mi | Eq (22) > custon > Upadngle 04 provides lateral control:
my y = Fthrust sin (59 (30)
v A4
Arm Intervention || Am | _ o The vehicle must arrive at the capture point with
B 2 Actuator “Velocity v, within the admissible capture envelope:
Figure 2: Feedback control architecture. Landing leg Vmin < |Vr(teaten)| < Vmax (31)
sensor data drives both the platform velocity control o o
and the arm intervention logic. Pad utilization feeds and lateral position error within the arm reach:
back to the arm controller.
|Ay(tcatch)| S Larm — Trocket — 6clearance (32)

H. Human Tolerance Criteria

NASA-STD-3001, Volume 2 [1] and associated research
by Eiband [11] establish the following crew tolerance
limits for seated, restrained occupants with vertical
(+G.) loading:

Agustained S 3.9’ Atransient S 69 (27)
The duration of transient loading must satisfy the
Eiband curve criteria, which relates peak acceleration
magnitude to pulse duration [11]. For the proposed sys-
tem, the design requirement is:
max la(t)| < 3g Yt € [teatch, tstop) (28)
under nominal conditions, with the 6¢g transient limit
serving as the off-nominal boundary.

where Ly, is the arm length, ryocket 18 the rocket radius,
and dclearance 18 @ safety clearance.

B. Phase 2: Arm-Guided Descent to Platform
Contact

At time tcq4cn, the robotic arms engage the structural
hard points at the top of Stage 2. The arms clamp onto
the vehicle, and the arm carriage begins its controlled
descent along the tower rails.

During this phase, both the arm hydraulic damping
and the engine thrust (still active) contribute to decel-
erating the vehicle. The governing equation is Eq. (13).
The engine thrust is modulated to maintain the descent
velocity within the desired profile:

Fthrust (t) = (mr + marm)(g - adcs) + Fd,arm (33)
where ages 1s the desired deceleration (positive upward),
constrained by Eq. (15).



The velocity at the end of Phase 2 (platform contact)

is:
Ucontact = \/ 'U(Q) -2 ap2 darm (34)

where aps is the average net deceleration during Phase 2,
assuming approximately constant deceleration (a simpli-
fication for design purposes).

C. Phase 3: Hydraulic Deceleration to Rest

At pad contact (t = teontact), the following sequence oc-
curs:

Step 1: Force/pressure sensors in the landing legs
detect contact and transmit a signal to the platform
controller.

Step 2: The engine transitions to idle. Thrust force
drops to a minimal idle value Fiprust & 0 (engine remains
in ready state for contingency use).

Step 3: The landing leg hydraulic absorbers begin
compressing, absorbing energy per Eq. (16).

Step 4: Simultaneously, the platform controller ac-
tivates the platform descent per the control law in
Eq. (22).

The combined equation of motion during Phase 3 is:

my T = my g — Fd,leg — Fd7pad - Farm,intervene (35)

FarnLinl,ervene

m

F
F(L]og d,pad

mrg

Figure 3: Free body diagram during Phase 3. Grav-
ity (myg, downward) acts against the three hydraulic
subsystem forces: landing leg damping Fjy jeq, platform
damping Fy pag, and arm intervention Fypm intervene (all
upward). The rocket descends with velocity v;.

The deceleration at any instant during Phase 3 is:

a(t) =g— Fd,leg + Fd,pad + Farm,intervene (36)

My

The condition for a safe landing is:

|a(t)‘ < 39 = Fd,leg+Fd,pad+Farm,intervene < 4 my g

(37)

(The factor 4g arises because gravity contributes lg

downward, so a 3g upward net deceleration requires to-
tal upward force equal to 4m, g.)

IV. Analytical Description of the Land-
ing Sequence

We now trace through the entire landing sequence, link-
ing each physical event to the governing equations de-
rived in Section 2.

A. Entry Conditions and Capture

The rocket approaches the landing site with the main
engine(s) firing. The thrust-to-weight ratio during the
landing burn is selected to produce the desired decelera-
tion profile per Eq. (29). The vehicle’s guidance system
steers toward the capture envelope defined by Egs. (31)—
(32).

Let the velocity at arm capture be vg. The kinetic
energy at this instant is:

1 2
Ky = oM Vg (38)

This energy, plus the gravitational potential energy
gained during the subsequent descent (m; g diotal), must
be fully dissipated by the three hydraulic subsystems per
the energy balance in Eq. (12).

B. Arm-Guided Descent (Phase 2 Analysis)

Upon capture, the arm carriage and rocket descend to-
gether. The equation of motion is Eq. (13), with the
arm damping force controlled via Eq. (14). The engine
thrust is simultaneously adjusted per Eq. (33) to main-
tain the desired deceleration profile.

The energy dissipated by the arms during Phase 2
is:

darm darm
Earm = / Fd,arm dr = / Carm x;ﬁ*m dx (39)
0 0

The work done by engine thrust during Phase 2 is:

darm
Wthrust = / Fthrust (33) dx (40)
0

Note that the engine thrust acts upward (opposing
motion), so Winrust contributes positively to energy re-
moval. The velocity at pad contact is given by Eq. (34).



C. Pad Contact and Hydraulic Deceleration
(Phase 3 Analysis)

At pad contact, the engine transitions to idle. The
rocket now has velocity veontact and must be brought to
rest over the combined remaining stroke of djeg + dpad.

The landing leg sensors detect contact and transmit
the signal to the platform controller. The leg hydraulic
absorbers engage immediately, producing the force given
by Eq. (16). The platform hydraulic system activates
per the control law in Eq. (22).

Utilization-Based Feedback Loop: As the legs
compress, the utilization ratio nes (Eq. (17)) is mon-
itored continuously. If 7, exceeds the threshold
Nthresh = 0.75, the platform velocity increases propor-
tionally (Eq. (22)), effectively increasing the rate at
which the landing surface retreats from the descending
vehicle. This reduces the compression rate of the land-
ing legs, preventing premature stroke exhaustion.

Arm Intervention: If the platform utilization 75,4
(Eq. (21)) approaches its critical value npad,crit, the arm
intervention force (Eq. (24)) activates, providing supple-
mentary deceleration from the top of the vehicle. This
constitutes the third layer of protection.

D. Final Deceleration to Rest

The final phase of the landing requires careful coordi-
nation to bring the vehicle to rest (v = 0) at precisely
the moment when the stroke limits are reached. This re-
quires the deceleration profile to follow the trapezoidal
trajectory defined by Eq. (26), satisfying both the jerk
limit (Eq. (25)) and the acceleration limit (Eq. (28)).
The terminal condition for a successful landing is:

Ur(tstop) = 07 Meg (tstop) < 107 77pad(tstop) <10
(41)

At the point of full stop, it is acceptable (and by
design, expected) that both the leg and pad hydraulic
systems approach full utilization (n & 1.0), provided the
velocity reaches zero simultaneously. The safest decel-
eration profile to achieve this is determined by solving
the optimal control problem:

Minimize: max; |a(t)]

Subject to:

tstop
/ ’U(t) dt = dlcg + dpad (42)
0
V(tstop) =0 (43)
la(t)] < 3¢ (44)
da
— | < .IIl X 45
dr | = Jma: (45)

This optimal control formulation produces the trape-
zoidal acceleration profile of Eq. (26) [13].

V. Three Levels of Protection

A distinguishing feature of the proposed landing archi-
tecture is the inherent three-layer redundancy. Each
hydraulic subsystem constitutes an independent level of
protection, and the system is designed such that any
single subsystem can partially compensate for degraded
performance in another. This section highlights the pro-
tective hierarchy and its implications for safety margins.

Level 1: Robotic Catching Arms
Initial capture, guided descent, emergency intervention [«- -
Stroke: darm

¢ Velocity reduced

1
1
1
1
1
Level 2: Active Landing Legs |
Primary contact absorption, utilization feedback !
Stroke: djeg :
1

1

1

1

1

1

¢ Energy absorbed

Level 3: Translating Platform
Moving surface, extended deceleration distance |- = = = = =
Stroke: dpad

Figure 4: Three levels of protection. Each layer re-
duces the velocity and energy burden on subsequent lay-
ers. The dashed feedback loop enables arm intervention
when platform utilization approaches critical limits.

A. Level 1: Robotic Catching Arms

The catching arms serve as the first point of contact
and provide three distinct protective functions: (a) lat-
eral stabilization and alignment correction, (b) initial
deceleration during the arm-guided descent in Phase 2,
and (c) emergency intervention during Phase 3 if the
lower subsystems approach their limits. The arms rep-
resent the highest-authority safety mechanism because
they engage earliest and can re-engage during the final
phase.

B. Level 2: Active Landing Legs

The variable-orifice hydraulic landing legs provide the
primary energy absorption at pad contact. Their con-
trolled damping coefficient allows real-time adaptation
to the actual contact velocity, which may deviate from
the nominal design point. The utilization feedback sig-
nal (e, Eq. (17)) serves as the master control signal
for the entire Phase 3 coordination.

C. Level 3: Translating Hydraulic Platform

The translating platform embodies the core physics in-
novation of this system. By moving the landing surface
downward at the moment of contact, the effective rela-
tive velocity is reduced per Eq. (8), and the deceleration

Intervention
: feedback



distance is extended by dp.q. Even if the landing legs
were to reach full utilization, the platform can continue
absorbing energy independently.

D. Redundancy and Off-Nominal Performance

The total available deceleration distance (Eq. (1)) pro-
vides a safety margin that accommodates off-nominal
arrival conditions. Consider the case where the velocity
at arm capture exceeds the nominal value by a fraction
a:

vo =1+ a)v (46)

The kinetic energy increases by a factor of (14 «)?:
Ky =(1+a)* Ky (47)

For @ = 0.10 (10% velocity exceedance), the energy
increase is 21%. The three-layer system can accommo-
date this through a combination of: (a) increased arm
damping force (by reducing A2™), (b) increased leg
damping coefficient, and (c¢) increased platform travel
velocity up to vpad,max- The system’s capacity to absorb
off-nominal energy without exceeding the 3¢ sustained
limit is determined by the combined stroke budget:

darm dieg dpad
Ehax = / Fyom dz+ / Py da+ / Fyfaadx
0 0 0 (48)

where F™?* denotes the maximum damping force each
subsystem can produce while keeping instantaneous ac-
celeration below 3g.

The landing system is considered to have adequate
margin when:

Emax Z (1 + CVmamgin)2 KO + my g dtotal (49)

where aumargin is the design velocity margin factor.

If the arrival velocity exceeds all safety margins and
the system cannot maintain the 3¢ limit, the engine
(held at idle during Phase 3) can be re-ignited as a final
contingency. While this introduces additional forces and
complexity, the availability of engine restart provides an
ultimate safety backstop that further strengthens the
human-graded designation.

VI. Conclusion

This paper has presented a multi-layered hydraulic at-
tenuation system for human-graded rocket second-stage
landing. The architecture integrates three actively con-
trolled hydraulic subsystems—robotic catching arms,
active landing legs, and a translating hydraulic landing
platform—to distribute the landing impulse over a cu-
mulative stroke distance of daym~+dieg+dpaqa. The central
physical principle, grounded in the impulse-momentum

theorem, is that a landing surface translating in the di-
rection of the descending vehicle reduces the relative
velocity at contact and consequently the impulsive force
experienced by the crew.

The coordinated feedback control system, driven
by hydraulic utilization monitoring, provides real-time
adaptation to the actual landing conditions. The three-
phase operational sequence—powered descent to arm
capture, arm-guided descent to platform contact, and
fully hydraulic deceleration to rest—ensures that crew
acceleration remains within proposed human-graded
limits (3¢ sustained, 6¢g transient) referenced against
NASA-STD-3001 tolerance criteria.

The three-level protection hierarchy offers progres-
sive redundancy: each layer independently contributes
to energy absorption, and the feedback architecture en-
ables cross-layer intervention when any subsystem ap-
proaches its operational limits. The system accommo-
dates off-nominal arrival velocities through the com-
bined stroke budget and variable damping coefficients,
providing a quantifiable safety margin.

Future work should address detailed structural de-
sign of the catching tower and arm mechanism, high-
fidelity dynamic simulation incorporating structural
flexibility and hydraulic fluid compressibility, sensor fu-
sion algorithms for real-time utilization estimation, and
experimental validation through scaled prototype test-
ing. Electromagnetic actuation for the precision control
aspect of the catching arms merits investigation as an
alternative or complement to the hydraulic approach.
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