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1. INTRODUCTION

One of the fundamental issues encountered in engineering practice is the
dissipation of impact energy [1]. Many devices, as well as transported or sorted
objects, are exposed to short-duration harmful mechanical loads. This problem is
particularly relevant to the functioning of production lines [2] and aircraft land-
ing gears [3]. Various energy dissipation and harvesting systems [4] are used to re-
duce the stresses resulting from such loads. These include friction elements, elas-
tic or elasto-plastic components, gas-filled enclosures (such as vehicle airbags or
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drop-cushioning airbags) [5], and cylinder impact energy absorbers consisting of
a sleeve and a piston [6]. The working medium used in the latter type of ab-
sorbers is often a gas (that imparts elastic properties to the absorber) or a liquid
combined with gas (that provide, respectively, damping characteristics and elas-
tic compliance). This distinction results in the following basic classification of
absorbers that utilize fluid as an energy dissipation medium [7]:

1) gas/pneumatic absorbers (buffer/stop cylinders, various pneumatic de-
vices [8]),

2) oil absorbers, in which oil is displaced by the piston as it moves within the
cylinder sleeve [9-11]. The oil acts as a damping medium for the move-
ment of the piston and piston rod, but its low compressibility may limit
the elastic properties of the absorber,

3) hydropneumatic absorbers that combine both oil and gas. The oil serves
as the damping medium for piston movement, while the absorber’s com-
pliance is primarily determined by the gas in the cylinder [12].

An important advantage of pneumatic absorbers is that they can be designed
as devices that do not require petroleum-based substances. This may be partic-
ularly desirable in applications within the food industry [13, 14] and in other
manufacturing sectors where cleanliness control is essential [15, 16]. A disad-
vantage of pneumatic absorbers is that their passive implementations exhibit
considerably lower efficiency than passive hydropneumatic absorbers, where the
efficiency of the latter ones ranges from 80% to 90% [7, 17].

Impact-absorbing devices can be further classified based on the absence or
presence, and the type of impact process control [18]:

— passive systems, which are not able to adapt their mechanical character-

istics to specific impact characteristics [19, 20],

— semi-active systems, which, in response to varying impact conditions, can
be controlled to minimize the impact force without requiring the supply
of external energy that would need to be accounted for in the impact ab-
sorption model [21]. Typically, a controllable valve is used as the actuator,

— active systems, which are similar to semi-active systems, with the key dif-
ference that the external energy supplied to the system plays a significant
role in the impact energy balance [22, 23]. A typical implementation may
involve a pump and an external gas supply or storage tank.

The primary advantage of passive absorbers is their structural simplicity, which
contributes to their reliability. However, in practical applications, impact ab-
sorbers are required to minimize the impact force across a wide range of impact
energies and initial velocities of the impacting object. These objectives can be
formalized as:
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— achieving a nearly constant reaction force from the absorber while utilizing

the entire available braking distance,

— ensuring a wide range of impact velocities and energies for which the ab-

sorber exhibits such a constant reaction force response.
It is difficult to achieve these objectives purely through passive means, which
stimulates research in active and semi-active systems.

The literature includes many ingenious and practical models and control
methods dedicated to semi-active impact absorbers. A comprehensive review
of magnetorheological absorbers and their formal models can be found in [24].
A specific semi-active solution designed for landing gears and based on con-
volutional neural networks is described in [25], while [26] proposes two types
of semi-active controllers: a model predictive controller and a neural controller
based on reinforcement learning. Reference [27] presents an extensive discussion
and overview of various pneumatic absorbers, along with their mathematical
models. A control method for a pneumatic shock absorber under unknown im-
pact conditions is proposed and experimentally validated in [28]. In [29, 30],
two methods based on the model predictive control approach are introduced,
enabling efficient realization of impact absorption process without prior knowl-
edge of selected system and excitation parameters. Finally, the optimization of
a semi-actively controlled pneumatic rescue cushion is analyzed in [31].

However, most existing research in this field focuses on the control methods
and response analysis of the employed semi-active absorbers, while their design
parameters are often assumed ad hoc or adopted from manufacturers’ data.
In contrast, this paper considers a specific semi-active pneumatic absorber and
addresses the problem of its optimal design. The absorber consists of a pneu-
matic cylinder with a sleeve and a piston. The piston is equipped with a valve
to control gas flow between the two chambers of the cylinder [32]. A horizontal
configuration of the absorber is considered, typical for bumpers and production
lines. Unlike in landing gear applications, this allows gravity to be neglected
and thus makes the design process independent of aircraft- and mission-specific
constraints and non-impact loads related to ground operations and particular
values of the lift factor. First, a mathematical model of the absorber is presented
along with the semi-active control method, and then a formal design procedure
is developed. Given the required ranges of impact conditions and design param-
eters, the proposed formulation aims to minimize two practical criteria treated
as objectives: (1) the maximum deceleration of the impacting object, and (2) the
maximum gas flow rate the valve must provide to ensure effective control. As
in many other optimization problems in engineering [33], these objectives are
partially conflicting, which leads to a multi-objective optimization approach.
The determined Pareto-optimal design parameters provide the desired trade-off
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between the criteria and ensure the operational capacity of the absorber within
the prescribed range of impacts.

This paper is structured as follows. Section 2 briefly discusses the concept
of absorber efficiency, describes the specific absorber under consideration, in-
troduces the impact and design parameters, and states the absorber design
problem. Section 3 describes the mathematical model of the impact absorp-
tion process, the optimal semi-active control scheme, and the two employed
objective functions. An example optimization is presented in Sec. 4. It involves
separate optimizations for each objective functions, as well as a systematic joint
optimization that yields Pareto-optimal designs. Finally, Subsec. 4.4 and the
conclusion discuss the results, their limitations, and summarize the paper.

2. PROBLEM STATEMENT

Subsection 2.1 discusses the fundamental notion of absorber efficiency and
the optimal profile of its reaction force. Then, Subsec. 2.2 describes the consid-
ered absorber. This paper addresses the problem of determining the values of the
selected design parameters (listed in Subsec. 2.5) that optimize the absorber’s
operational capacity for impacts within the range defined by the assumed impact
parameters (Subsec. 2.3).

2.1. Absorber efficiency and mazimum force

A fundamental concept in impact absorbers is absorber efficiency. It is de-
fined as the ratio of the area enclosed between the force-displacement curves of
the absorber’s reaction forces F.,(x) and F (z) (corresponding, respectively,
to the piston’s forward motion caused by the decelerated object and to its return
stroke, see Fig. 1) to the area of the smallest enclosing rectangle (the rectangle’s

/ 7 /
// / /  Dissipated energy” / / /" /" /

Absorber reaction

0 . . X rr;ax
Piston position

Fic. 1. Schematic representation of the work cycle of an impact energy absorber.
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height is equal to the maximum reaction force Fia.x of the absorber, and the
width corresponds to the total stroke length @y of the piston) [7]:

F,(x)dx — / F_(z)dx |,
0 0

(2.1) —

Fiax Tmax

where the coordinate x, as shown in Fig. 2, is measured from the extreme po-
sition of the piston & = 0, which corresponds to the maximum extension of the
absorber in its initial position.

T

Fic. 2. Coordinate x of the piston position in the cylinder.

When designing an absorber and/or its control algorithm, maximization of
the efficiency 7 can focus on the following three goals:

1) ensuring the flattest force profile F,(x) while moving the piston from its
initial position x = 0 to its final position zyax in the cylinder,

2) ensuring that the piston displacement xy,x is as long as possible, and
preferably equal to the entire available absorber stroke xg,

3) reducing the return force F_(x) to minimum.

The first two goals focus on the breaking force profile F.,(x) and aim at reduc-
ing the maximum force Fi,ax. They are fundamental for increasing absorber effi-
ciency and can be addressed through proper control algorithms and valves that
release gas from the compressed chamber to the other chamber, the surround-
ings, or a dedicated external container [34]. The third goal focuses on the return
force F_(z), and it is best achieved by using valves that release gas from the
cylinder to the surroundings when the piston reaches its final position, which
instantaneously releases the energy stored in the absorber and prevents the
stopped object from being accelerated back by the retracting piston [35]. How-
ever, the released gas has to be pumped back before the next absorption cycle,
which requires significant energy and contradicts the intended semi-active char-
acter of the absorber. Therefore, semi-active solutions for reusable impact ab-
sorbers focus usually on in-piston valves and internal gas flow between the cylin-
der chambers [27, 32].
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2.2. The considered absorber

A schematic of the pneumatic absorber considered in this paper is depicted
in Fig. 3. Its main components include a cylinder, a piston, and a piston rod.
The piston is equipped with a valve that enables the control of gas flow be-
tween the two sealed chambers of the cylinder. This allows the reaction force
of the piston rod to be controlled in real time during the impact absorption
process. The instantaneous reaction force is determined based on the pressures
inside the cylinder, obtained using two pressure transducers labeled as p; and ps.
The system controller, which calculates the reaction force and controls the valve,
is a component of the feedback loop.

Valve
controller

Electrical
connection
to the valve

Fic. 3. Schematic of the considered pneumatic absorber.

As discussed in Subsec. 2.1, an advantage of this general design is that such
an absorber can be used for repeated stopping of objects. There is no need to
replenish the gas after each impact, and, due to various surface areas on the two
sides of the piston, the pressure-related forces autonomously return the piston
to its initial state upon opening the valve, which ensures readiness for the next
operational cycle.

The controllability of the valve allows the absorber operation to be adjusted
to different impact parameters (Subsec. 2.3): the piston can potentially move
along the entire available stroke, and the reaction force profile can be made as
flat as possible. Such a system is adaptive (it adjusts to operational condi-
tions) [21] and semi-active (it does not require any significant external energy,
other than that necessary to control the valve opening) [18].

2.3. Impact parameters

In this paper, the impact to be absorbed is assumed to be fully defined in
terms of the two following parameters:

1) mass M € M of the impacting object, and
2) velocity v € V of the impacting object.

The symbols M and V denote the considered ranges of the impact parame-
ters. The Cartesian product of M and V is denoted by Z = M x V. This paper
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focuses on absorber design, not on optimal control, and the specific values of
these parameters are assumed to be known (or identified) before each impact,
as required for the purpose of optimal control [36].

2.4. Objective functions and absorber design problem

This paper addresses the problem of optimal absorber design. It is formulated
as a multi-objective optimization task of simultaneous minimization of: (1) the
maximum deceleration of the impacting object, and (2) the maximum mass flow
rate through the valve required for optimal control. This can be formalized as
follows: given a set Z of expected impact parameters i = (M, V) € Z, minimize:

1) the maximum deceleration apyax of the impacting object provided by the
optimally controlled absorber, and

2) the mass flow rate fr through the valve required for optimal control,
with respect to the design parameters d € D (defined in Subsec. 2.5):

{ maXijer amax(i7 d)a

(2.2) dopt = argmin )
maxiez [r(i,d).

deD
The term apmax(i,d) denotes the maximum deceleration of the optimally con-
trolled absorber, with such control described in Subsec. 3.2. Similarly, the term
fr(i,d) represents the minimum mass flow rate that ensures the optimal con-
trol of absorber d can actually be realized for impact i. These two objective
functions are described in detail in Subsec. 3.3.

Equation (2.2) defines a multicriterial optimization problem. As such, it is
expected to yield multiple optimal (nondominated) solutions, which together
form the Pareto front. Analyzing the Pareto front can provide insights into the
attainable trade-offs between the two considered design criteria. The Pareto
front can also be used to guide the selection of a specific valve product: first, an
acceptable limit for deceleration can be determined, and then the corresponding
required maximum mass flow rate can be read from the Pareto front.

2.5. Absorber design parameters

Given the initial velocity and the mass of the impacting object, the perfor-
mance of an impact energy absorber depends on its design parameters. Among
these, the most important are:

1) the maximum available piston stroke xg, see Fig. 4a,

2) the piston active area on the compressed side Ag, see Fig. 4b, which is
expressed in terms of the diameter ¢, of the compressed chamber as
Ag = m¢2 /4. The piston rod cross-sectional area AA is usually determined
a priori, and the opposite-side piston active area is then A7 = Ay — AA,
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b)

F1G. 4. Maximum available piston stroke zo (a), and surfaces subjected to gas pressure (b).

3) the initial pressure pg inside the pneumatic cylinder, assumed to be the
same in both chambers,

4) the mass flow capacity of the piston valve, expressed here in units of g/s.

In this paper, the flow capacity of the piston valve is assumed to be suffi-
ciently high for the purpose of optimal control, and it is treated as an objective
function, as described in Subsec. 2.4. Thus, only the first three of the above pa-
rameters can be adjusted, which yields three design parameters to be considered
in the design procedure: stroke length xg, diameter of the compressed cham-
ber ¢o, and initial pressure pg. Consequently, the design variable is the three-
element vector d = (zg, ¢2,po), and the Cartesian product of the intervals of
their allowable values constitutes the design space D.

3. MATHEMATICAL MODELS OF THE ABSORPTION PROCESS
AND OPTIMUM CONTROL

This section describes the formal model of the absorption process (Sub-
sec. 3.1) and the optimal control procedure (Subsec. 3.2). Thereupon, the two
objective functions used in the proposed optimal design procedure are intro-
duced (Subsec. 3.3). The symbols used in this section are illustrated in Fig. 5.

Zo

To— T

le

F1G. 5. Schematic view of the absorber with the impacting mass and symbols
used in this paper.
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3.1. Model of the absorption process

3.1.1. Forward movement of the piston. The forward movement is the cru-
cial phase of the impact absorption process. It can be described in terms of the
three state variables: :(t), p1(t), and p2(t) by the following equation:

(3.1) Mi(t) = —F(t) = Aip1(t) — Aapa(t),

which is the equation of motion of the impacting object, whose acceleration is
proportional to the reaction force (or the difference of forces acting on the two
sides of the piston). The mass of the piston itself is assumed to be much smaller
than that of the impacting object and is thus neglected:

p2(O)VF(t) _ p2(0)V57(0) _ cons
(3.2) myt)  mgo)

is the mass-normalized polytropic equation for the second (compressed) cham-
ber. It is valid during the forward motion of the piston, as long as there is
no reverse flow of the gas through the valve, that is, at least until * = zpax
is reached. The impact process is assumed to be fast, and consequently, there is
no heat exchange with the surroundings, and x = 1.4. Finally,

p1(t)Va(t) + pa(t)Va(t) — p2(0)V2(0)

Kk—1

1 1
(3.3) 5Mv2 - 5Mg'c?(t) =

describes the energy balance for the entire system: the decrease in the kinetic
energy of the impacting object, which equals the change in the internal energy
of the gas in both chambers. The initial volume of the first chamber, that is, the
clearance volume V7 (0), is assumed to be zero, so it does not appear in Eq. (3.3).

Equations (3.1)—(3.3) are complemented with the following initial conditions
and relations:

z(0) =0, p1(0) = po,

(3.4) £(0) =V, p2(0) = po,
V1(t) = Alx(t), mg(o = poVQ(O)/RT,
VQ(t):Az (.To—.fv(t)), R = 14,

where R is the specific gas constant and T is the ambient temperature. To ac-
count for pressure equalization due to valve opening during the return movement
of the piston, it is assumed that p;(0) = p2(0). However, since the clearance vol-
ume V7(0) is zero, the specific initial value p;(0) does not affect the absorption
process.
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3.1.2. Reverse movement of the piston. As discussed in Subsec. 2.2, the
reverse movement of the piston is ensured by pressure-related forces due to
the various surface areas on the two sides of the piston, and reverse motion
happens autonomously upon valve opening. This movement is secondary for the
design of the absorber and is not considered further.

3.1.3. Control function. The variable ma(t) in Eq. (3.2) denotes the mass
of gas in the compressed chamber. Its derivative mg(t) is the mass flow rate
through the valve, which is instantaneously and directly related to the opening
of the valve. The specific form of this relationship depends on the technical
characteristics of particular valves used, and therefore ry(t) is treated here as
a general surrogate control function governing the process.

3.2. Optimum control

3.2.1. Instantaneously constant reaction force. During the forward move-
ment of the piston, as long as the pressure difference between the chambers is
positive, pa(t) > p1(t), there is a control function 72 (¢) that maintains the reac-
tion force at its current level, so that F'(t) = 0. This control can be determined
as follows. The reaction force F is expressed by Eq. (3.1). If it remains constant,
its time derivative must vanish:

(3.5) F(t) = Agpa(t) — Aipa(t) = 0.
Substituting of Egs. (3.1) and (3.5) into the differentiated Eq. (3.2) yields:

RE ()i (t)

This, when substituted into the differentiated Eq. (3.2), which is:

(.1 (1) = rpa(t) (28 - KS;)

yields the following formula:

(3.8) nalt) _ o

Given Egs. (3.2) and (3.4), the intended control ra(t) is expressed in Eq. (3.8)
in terms of directly measurable quantities.
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3.2.2. Mazximum and minimum reaction forces. All reaction forces achieved
during the forward movement of the piston must lie between the two extreme
values:

— the maximum force fpax(zr), which is attained when the valve is kept

completely closed for the entire stroke from 0 to zp:

(3.9) frnax(TF) = po A2 <:50>”;

o —TF

— the minimum force fuyin(zr), which is attained if the flow through the
valve is high enough to equalize the chamber pressures before the full
stroke x is reached. This force equals the product of the common pressure,
p1 = p2, and the piston rod cross-section area AA. However, this common,
equalized pressure depends on the energy already absorbed during the
stroke from 0 to xp. Assuming the intended flat reaction force profile:

(3.10) F(z) = const = fmin(zF) for x €[0,zp],

the minimum force fpin(xr) can be determined by solving the following
system of equations:

(3.11) p1(rr) = pa(xr),
(3.12) Jmin(zF) = A2p2(zr) — A1p1(zF),

pi(xp)Vi(zr) + p2(zr)Va(zr) — poVa(0)

(3.13) Tp fin(TF) = 1

)

where the last two equations correspond to Egs. (3.1) and (3.3), and
Zp fmin(2F) represents the energy already absorbed. Taking into account
Eq. (3.4), the solution is:

AA\ L
(3.14) Fuin(zF) = poAA (1 _ ,{‘Z@> ,
(3.15) pi(zr) = p2(zFp) = j}nz(jF)

The minimum and maximum forces defined in Eqgs. (3.14) and (3.9) are illus-
trated in Fig. 6. Due to the different magnitudes of fiin(xr) and fiax(xp), the
vertical axis is shown on a logarithmic scale.
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Reaction forces f;, and fhax
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PyAA
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| Ay- kA4

0
Absorber stroke

Xo

FIG. 6. Minimum and maximum reaction forces as a function of the absorber stroke.

The vertical axis is shown on logarithmic scale.

control minimizes the maximum deceleration, am.x =
ing the braking process. For each specific impact parameter M, since F(t) =
—%(t)/M, this is equivalent to minimizing the maximum reaction force. As dis-
cussed in Subsec. 2.4, such a control goal can be achieved by maintaining a flat
reaction force profile over a possibly long stroke, preferably the entire available
length of xg. Taking into account the upper and lower force bounds, fi.x and
fmin, this yields three optimal force profiles and control schemes, depending on
the initial kinetic energy F of the impact. These are illustrated in Fig. 7 and
defined as follows:

3.2.3. Optimal reaction force profile. In line with Subsec. 2.1, the optimal
—Zmin, occurring dur-

1) High impact energy: E > xofmax(0). The optimal reaction force initially
follows the upper bound fiax(). Then, upon achieving the optimal level Fype,

Reaction force

F

Absorber stroke

Jmax
. . '.
~ High energy impact e
Medium energy impact R4 ‘
’
Low energy impact L’
- - ‘

|‘ F optl

/
1
1
1
1

- 1
opt2 [ T
1
0 o
Fop ey P b fmin
------- 1
0 YF1 *F3 *o

Fic. 7. Optimal reaction force profiles as a function of the absorber stroke for three levels of
impact energy. The colored regions represent the absorbed energies. The vertical axis is shown

on logarithmic scale.
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it remains constant till the end of the full absorber stroke xy. The opti-
mal force Fip can be related to the impact energy E by requiring that
is fully absorbed over the entire stroke of xg:

TR
E = /fmax(:c) dx + (zo — zF) Fopt
0

Azpoxo < ( ) )'{_1 )
= K -1/,
k—1 To— TF

(Fopt) is the stroke at which the optimal force Fip is

(3.16)

where rp = fl
achieved.

2) Medium impact energy: o fmin(ro) < E < 20 fmax(0). The optimal reac-
tion force profile is flat over the entire piston stroke from 0 till zg. The
optimal reaction force Fypy is related to the impact energy F as:

(3.17) E = 2 Fop.

3) Low impact energy: E < xofmin(zo). The optimal force profile is flat,
but the stroke extends only till fii, is reached, and the pressure in both
chambers is equalized before x( is attained. The optimal reaction force
Fopt is related to E as:

(3.18) E = 2F fuin(Tr) = 2 Fopt,

miln(Fopt) is the stroke at which pressures in both chambers
become equal, see Eq. (3.11), and fuin is reached.

where xp = f

Equations (3.16)—(3.18) link the optimal reaction force Fip to the impact en-
ergy E in an implicit manner. When resolved analytically and collected together,
they yield:

1 k-1 E \#=1
A2P0< +K > it B e [$0fmax(0),00),

E aY Agpol‘o
(319) Fopt(E): E/l’() if £ e [mOfmin(xO); xOfmax(O))v
E
AA <p0+ . > if £ e (Oa mOfmin(xO))'
AQl’O

3.3. Objective functions

3.3.1. Maximum deceleration. The first of the two objective functions con-
sidered in Subsec. 2.3 is the maximum deceleration:

(3.20) Omax = —Tmin = — mtin Z(t).
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For an optimally controlled absorber, the maximum reaction force equals Fypy,
and thus the maximum deceleration is the following function of the impact
parameters:

Fopt (%M V2)

M b
where M and V represent the mass and velocity of the impacting object, re-
spectively see Subsec. 2.3.

(3.21) max (M, V) =

3.8.2. Mass flow rate. The second objective function considered in Sub-
sec. 2.4 is the minimum mass flow rate through the valve that ensures the
optimal control is technically feasible. It equals the maximum flow rate attained
during the absorption process:

(322) = = minia(),

and it can be computed analytically as described further.

First, the mass my is analytically expressed in terms of the piston displace-
ment z. To this end, Eq. (3.2) is used to express mg during the control phase
(that is, when the reaction force equals Fypt) in terms of the pressure pa(x):

o  mnmme (20

where the pressure ps(x) is determined, along with p; (z), by solving the following
system of two linear equations:

(3.24) Fopt(E) = Aapa(z) — A1pi(x),

pi(x)Vi(z) + pa(x)Va(x) — poVa(0)

(325) Eabsorbed<x) = k=1

)

which correspond to Egs. (3.1) and (3.3). The symbol Eapsorbed(z) denotes the
kinetic energy already absorbed during the forward movement of the piston up
to x. Given the constant reaction force in the optimally controlled absorber, it
can be expressed as:

E — (zg— x)Fop if E € [20fmax(0),00),
zFopt if £ € (0,20fmax(0)).

Then, given mo(x), the mass flow rate 1y is expressed analytically in terms
of the piston displacement x:

d _ dmg(z) dz

(3.27) iia(x) = —ma(a(t) = — =

(326) Eabsorbed(l') = {

= my(z) &,
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where the velocity & can be expressed in terms of the piston displacement x
based on the current kinetic energy of the mass M:

1. .
(3.28) 5M$2(-%') =F - Eabsorbed(x>'

Finally, given ry(z), its derivative with respect to z is computed and set
equal to zero. The solutions of the resulting equation, together with the strokes
at both ends of the flat-force profile, are the candidate piston strokes at which
the maximum mass flow rate fr can be attained. Using the already derived
analytical formula for rhg(z), the corresponding mass flow rates can be com-
puted and compared to determine the actually required mass flow rate fg.

4. EXAMPLE OF DESIGN OPTIMIZATION

4.1. Impact and design parameters

The considered impact scenarios involve impacting masses ranging from 1 kg
to 11 kg, M € [1,11] kg. These scenarios could represent potential applications,
which may include 1 kg transporter cart or packaging with up to 10 kg actual
mass. The range of impact velocities V' is [0,5] m/s. These values may corre-
spond to typical small-item handling scenarios in factory settings. The consid-
ered design domain D is defined by the following ranges of the three design
parameters:

— absorber length xy € [100,200] mm,

— initial pressure pg € [2,10] atm,

— diameter of the compressed chamber ¢y € [25,40] mm, which corresponds

to the area Ay € [491,1257] mm?.

These ranges correspond to typical lab-sized absorbers, which may facilitate
further experimental testing. The design and impact parameters, as well as
other important technical parameters of the absorber, are listed in Table 1.

TABLE 1. Ranges and values of parameters used in Sec. 4.

Symbol Value Description
M [1,11] kg Mass of the impacting object
1% [0,5] m/s Velocity of the impacting object
Zo [100,200] mm Absorber length
Do [2,10] atm Initial pressure
P2 [25,40] mm Diameter of the compressed chamber
Az [491.9,1257] mm? | Piston area on the compressed side, Az = w¢3/4
AA 113.1 mm? Piston rod cross-sectional area (diameter 12 mm)
T 293.15 K Initial gas temperature (20°C)
R 296.8 J/(kg-K) | Specific gas constant for nitrogen
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4.2. Individual objective functions

Subsection 2.4 defines the absorber design problem in terms of two objective
functions. In this Subsec. 4.2, these two objective functions are considered sepa-

rately. Their joint (multi-objective) minimization is considered in the subsequent
Subsec. 4.3.

4.2.1. Mazimum deceleration. Figure 8 presents the isosurfaces of the first
objective function within the design domain. Its dependence on the design vari-
ables can be summarized as follows:

— the dependence on the absorber length xg is clear and intuitive: the
longer the absorber, the longer the braking distance, and, consequently,
the lower the deceleration,

— similarly, the larger the piston diameter ¢s, the greater the force that can
be instantaneously generated in the high-energy impact scenario (at the
beginning of the stroke, see Eq. (3.9)), and the lower the resulting opti-
mal force level and deceleration. In low-energy scenarios, increasing the
diameter ¢9 decreases the minimum force f,.x and, consequently, the de-
celeration, see Eq. (3.19)3,

— the dependence on the initial pressure pgy is more complex. On one hand,
higher pressure shortens the braking distance in low-energy impact sce-
narios, which causes small masses to experience higher decelerations. On
the other hand, in high-energy impact scenarios, lower pressure prolongs

Diameter ¢
mm] 40

Deceleration
[m/s?]
1000

-~ 700

- 500
~400

Length x,

~300
[mm]

~200

Fia. 8. Isosurfaces of the maximum deceleration of the impacting object, max; amax(d),
within the design domain.
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the initial force buildup phase along fiax, and, as a result, the optimal flat
reaction force is higher, so large masses experience higher decelerations.
Such a dependence on impact masses and pressures suggests that the mini-
mum is attained when the decelerations of the largest and smallest masses
(at the maximum impact velocity) are equal. Based on Eq. (3.19), this
yields the following equation for the optimal py, which has to be solved
numerically:

K K 2A2ﬁ0x0

A 1 —1me 2 ﬁ A ~ Mmin 2
(41) 20 ( + = "‘Vma") = ( —VmaX)

po+ kK
Mmax Mmin 2A2x0

It can be noted that the optimal reaction force Fip in high-energy impacts
depends only on the product Aspg and not independently on py and As, see
Eq. (3.19). This reduces the effective number of design parameters, so that, for
a given absorber length xg, the isolines of both objective functions are parallel.

The global minimum within the design domain is attained for xg = 200 mm,
po = 4.795 atm, and ¢y = 40 mm. This worst-case deceleration is equal to
62.82 m/s2. It is relatively close to the value of 62.5 m/s? that would be attained
with a constant reaction force over the entire piston stroke in the mid-energy
impact scenario.

4.2.2. Mass flow rate. The isosurfaces of the second objective function are
shown in Fig. 9. The dependence on the absorber length xg is similar to that of
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[mm] 240
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flow rate

lors]
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100
- 90
- 80
~-70
- 60

-50

-40

F1aG. 9. Isosurfaces of the maximum flow rate max; fr(d) achieved during
the absorption process.
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the first objective function: the longer the absorber, the smaller the maximum
flow rate that the valve must provide. The dependence on the initial pressure pg
and the diameter ¢9 is more complex. With the absorber length fixed, the min-
imum is attained for the largest impact mass and velocity. It lies along a curved
line defined by py V2 = const and is not unique. The global minimum is 20.89 g/s,
achieved for x¢g = 200 mm. The corresponding optimal pressures and diameters,
(po, ¢2), extend along a curved line from (5.866 atm, 25 mm) to (2.291 atm,
40 mm).

4.8. Multi-objective optimization

Both objective functions have the same straightforward dependence on the
absorber length xy (the longer the absorber, the better the outcome). This
suggests that xg can be treated as an independent design parameter. The multi-
objective optimization should then be performed with respect to the pressure
po and the diameter ¢9, independently for each selected absorber length x.

Figure 10 shows the Pareto fronts in the objective function space, com-
puted for several absorber lengths. These fronts reveal the optimal designs at-
tainable for the indicated length zy within the considered ranges of pg and ¢s.
Their L-like shapes illustrate the best trade-offs between the two design criteria.

(2]
o

—Xp=100 mm
—Xp=110 mm
X0=120 mm
Xp=130 mm

Xo=140 mm

[ Xo=150 mm
Xo=160 mm

—Xo=170 mm

—Xx=180 mm

n
o

N
o

Maximum flow rate fg [g/s]
w
o

—Xp=190 mm
—Xp=200 mm

60 80 100 120 140 160
Maximum decelerfation amax [M/s?]

Fic. 10. Pareto fronts in the space of objective functions,
computed for various absorber lengths zg.

Pareto fronts in the design space, computed for zo = 100 mm and 200 mm,
are shown in the bottom row of Fig. 11. Their shape is atypical: due to the
partially parallel isolines of the objective functions, they locally become Pareto
regions. The top row shows these fronts in the objective function space. The
top and bottom row Pareto fronts are connected by colors: their corresponding
points share the same color. This coloring scheme allows for easy identification,
in the bottom plots, of the absorber designs corresponding to different sections
of the top-plot Pareto fronts. In other words, each color represents a pair of
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Pareto front at xo = 100 mm

2 Pareto front at xo = 200 mm
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FiG. 11. Pareto fronts in the space of objective functions (top row) and the design space

(bottom row), computed for o = 100 mm and 200 mm. The bottom plots are color-coded

according to the corresponding points in the top plots, which serve as a form of 2D legends for
the bottom plots.

objective function values, and the top-plot Pareto fronts serve as a form of 2D
legends for the bottom plots.

4.4. Discussion

4.4.1. Shape of the Pareto fronts. In the lower-pressure region of the design
space, the isolines of both objective functions are mutually parallel. This region
corresponds to the maximum deceleration and maximum flow rate achieved
with the highest possible impact energy F (maximum velocity V' and maximum
mass M), where such an impact falls within the mid- and high-energy impact
scenarios of the absorbers. In this region, the isolines of both objective func-
tions are defined by the equation pyV2(0) = const, and, therefore, are parallel.



574 R. Wiszowaty et al.

This reduces the effective number of design variables and locally transforms the
Pareto fronts in the design space into Pareto regions.

Conversely, in the higher-pressure region of the design space, the maximum
deceleration and maximum flow rate occur in low-impact energy scenarios (high
impact velocity but low mass). In these scenarios, the maximum absorber stroke
— and thus the entire dynamics of the process — depends on the pressure pg
independently of the product ppV2(0). This decouples the design variables of
po and ¢o: the isolines of the objective functions are thus no longer parallel, and
the Pareto fronts take on their typical one-dimensional form of lines.

4.4.2. Pareto-optimal solutions. Analyzing the Pareto fronts in the design
space (bottom row in Fig. 11) can help in selecting a design that ensures an
appropriate trade-off between the two objective functions. For each given ab-
sorber length, their individual minima lie in the design space relatively close to
each other. It is thus natural to assume that the optimal solutions lie between
these two minima. However, an analysis of the Pareto fronts in Fig. 11 (bottom
row) reveals that certain regions near the individual minima are non-optimal

and should be avoided.

4.4.83. Design flexibility. Finally, the results reveal that relatively large por-
tions of the design space belong to the Pareto front and are Pareto-optimal.
In particular, if minimizing the maximum deceleration a,ax is the highest prior-
ity, there is only a single Pareto-optimal point in the design space, represented
by the purple end of the fronts shown in Fig. 11 (bottom row). However, if
the constraint on maximum deceleration is slightly relaxed — or equivalently,
if a longer absorber is allowed — the Pareto-optimal points shift toward the op-
posite red end of the respective fronts and cover increasingly larger regions of
the design space. This increases flexibility of the optimal design process and
facilitates the incorporation of additional secondary objective functions without
affecting the primary performance.

5. CONCLUSION

This manuscript proposes a formal multi-objective design process for an
adaptive pneumatic impact absorber. A horizontal absorber configuration
(as used in bumpers or production lines) is considered focusing on impact-
related effects while neglecting application-specific effects that arise from non-
impact operational loads and gravity. The absorber consists of two sealed cham-
bers, separated by a piston equipped with a controllable valve. Proper valve
control can ensure a nearly flat profile of the reaction force. The design of
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such a semi-actively controlled absorber is assumed to be defined by three pa-
rameters: absorber length, absorber diameter, and initial gas pressure. A range
of impact scenarios is considered, defined in terms of impacting mass and ve-
locity. Two objective functions are defined (the maximum deceleration of the
impacting object and the maximum gas flow rate through the valve), which
yields a multi-objective optimization problem. Proper solution of this prob-
lem yields formally optimal trade-offs between the two objectives and makes
the design process more flexible.

Further work can address the limitations of the presented approach, such
as the assumption of ideal valve dynamics (no gas leaks and no control de-
lays), neglected friction, or the robustness of the design to control disturbances.
A secondary degree of freedom could also be introduced to account for the in-
terface between the piston and the impacting mass (such as a rubber bumper).
Additionally, vertical configurations of the absorber (as in landing gear applica-
tions) could be considered. This would require gravity and the lift factor to be
incorporated into the governing equations and would introduce additional con-
straints related to post-landing ground operations and non-impact operational
loads.
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