Optimized Pneumatic Marshmallow Launcher

Justin Millerberg Paul Wilding
April 14, 2015

Abstract

A Pneumatic Marshmallow Launcher (or PML), when optimized, has the capacity to replace
paintball guns by reducing the pain and cost associated with paintballing without eliminating
the fun associated with the sport. The purpose of this paper is to report on and discuss the
optimization of a PML by maximizing the distance at which it can launch marshmallows
with given accuracy. The design parameters considered were inner barrel diameter (Dpg),
internal pressure of the barrel (P4) and barrel length (Lp) of the PML. Two scenarios
were considered in the optimization: 1) neglecting the friction between the barrel and the
marshmallow and 2) incorporating the friction. In the analysis of the optimization, the
tolerance of the accuracy was varied from 1 to 20 cm. Without friction, the optimization
for every tolerance resulted in a different design, creating a Pareto front. When friction
was incorporated, the optimization for every tolerance resulted in the same set of design
parameters: Dg = 1 c¢cm, Lg = 1.19 m, and P4, = 19.3 kPa. In obtaining these values, the
active constraint was the torque applied to the wrist by the weight of the PML.



Optimized Pneumatic Marshmallow Launcher Millerberg and Wilding

1 Introduction

A common pastime of many teenagers and young adults is paintballing. While the idea of
spending lots of money to be pelted by small, rigid spheres is appealing to some, many more
people would be interested in the sport if it was not so expensive and painful.

The use of a pneumatic marshmallow launcher (PML) in place of paintball guns would
alleviate the pain inflicted upon the body and wallet. PMLs are less expensive to create and
maintain, and marshmallows are less rigid than paintballs and therefore would inflict less
pain. However, the average PML cannot compete with a paintball gun in terms of distance
and accuracy. In order to do so, the concept of a PML would require several new and optimal
designs.

The primary objective was to maximize the distance that a PML can launch a marshmallow
with a given accuracy. This optimization was done with respect to design specifications such
as barrel length, barrel diameter, and air pressure. The designs were subject to the level of
pain involved, in addition to average human lung capacity and the portability necessary to
compete with paintball guns. Necessary portability was dictated by the size and weight of
the PML.

Two different optimizations were performed. One neglecting friction between the marshmallow
and barrel and the other incorporating it. The results of both optimizations are discussed
in this paper.

2 Methodology

2.1 Derivation of Objective Equations

Most of the derivation for the equations used in this optimization problem were done by
hand. Below, however, are included some key physical laws and their end products that
were used in the overall derivation of the objective functions and constraints.

2.1.1 Objective Functions

To determine the time it would take for a marshmallow to drop enough in the y-direction that
it has reached the specified tolerance in accuracy, Equation 1 was used to derive Equation
2, where AY is the specified tolerance in accuracy, y; and y; are the final and initial height
of the marshmallow, v; , is the initial y-velocity of the marshmallow (which is zero), ¢ is the
time from leaving the gun to impact, and g is the gravitational constant.

1
2
t = JcAy (2)
g
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Because the air resistance on the marshmallow is neglected, the x-distance traveled by the
marshmallow can be represented solely by Equation 3, where v;, is the initial x-velocity
leaving the gun (or the muzzle velocity).

X =v,t = vyt (3)

To find the muzzle velocity, a force balance on the marshmallow while in the barrel of the gun
is employed. The net force should equal the pressure-exerted force behind the marshmallow
minus the frictional force between the marshmallow and the barrel, as seen in Equation 4.
The frictional force was initially assumed negligible. Further breakdown of the force balance
and derivation led to the equation for the muzzle velocity, Equation 6:

Fret =ma = Fp—Fy (4)
Ov;
1.z R — P Ac — 0 5
Mig— " A (5)
2A.PsL
Vip = Sl AYB (6)
myy

where m); is the mass of the marshmallow, A, is the cross-sectional area of the barrel, P, is
the average barrel pressure, and Lp is the barrel length. Combining Equations 2, 3, and 6
and replacing A, with %D%, where Dp is the internal barrel diameter, results in the design
equation for the distance travelled by the marshmallow, see Equation 7.

Y — AYT(’DQBL BPa
mmyg

2.1.2 Constraint Equations

To be more concise in the derivation of the constraint equations, they will simply be given.
The constraints (pain threshold, tolerable wrist torque, and lung capacity) are governed by
Equations 8, 9, and 10, respectively.

5 D% LpPy
P = —p,, 8722
1 18PM Moar (8)
Lg,
Tw = 7pBw(tQB+DBsz)g (9)
PA ™
Vi = = res *D2L 1
3 Patm(V + 7 DsLs) (10)

Here, P; is the pressure of impact, p,s is the density of a marshmallow, Ty is the wrist torque
felt, pp is the density of the barrel material (assumed to be PVC), tg is the thickness of the
barrel, V7, is the minimum required lung capacity to achieve a given internal barrel pressure,
V,es is the residual volume of the lungs after exhalation (1.2 L), and P,;, is atmospheric
pressure (assumed to be 101.3 kPa).
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2.2 Maximize Distance(X) Neglecting Friction

The objective was as follows:

. JAYWD?BLBPA

max . =
myg
w.r.t. Dp, Lp, Py
s.t. Tw < 1.5 Nml2
P; < 100kPal
V; < 5L
0.5em < Dp<lcm
0 < P4<19.3kPab
Ly > 050m

2.3 Maximize Distance (X) Incorporating Friction

When incorporating friction, both the equation for impact pressure (P;) and the objective
function were adjusted slightly. A friction factor (fp) was estimated to be approximately
0.050). The resulting impact pressure equation is as follows:

P = 5 DpPy (1— G,W
18 Hy fB

The adjusted objective is as follows:

\/AYDBPA _meaHy DL
max : X = —(1—e¢ M
pvH fBY
w.r.t. Dpg,Lg, Py
s.t. Tw < 1.5Nm

P < 100kPa

Vi < 5L

0.5em < Dy <lecm
0 < P4<193kPa
Lg > 0.50m
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2.4 Computational Methods

The results were obtained using the existing Python function minimize, using specifically

the SLSQP method. In order to use minimize to maximize X, the two objective equations
were multiplied by -1, resulting in:

3 Results

3.1 Maximize Distance(X) Neglecting Friction

When maximizing the distance, the tolerance (AY’) was varied from 1 cm to 20 cm, giving
a range of possible solutions. Without friction, every tolerance resulted in different design
parameters, forming a Pareto front, as seen in Figure [} It should be noted that along the

entire Pareto front, only the pain threshold constraint was active. The ranges for the other
parameters are shown in Table
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Figure 1: Optimal Design Parameters

When comparing the optimized distances achieved for every tolerance, another Pareto front
is formed, as seen in Figure 2 The slope of the front is positive, indicating the inverse
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Range
Inner Diameter (Dp) 0.905 cm - 0.907 cm
Barrel Length (Lg) 1.0l m-1.13m
Air Pressure (P4) 16.6 kPa - 18.7 kPa

Table 1: Design Parameter Ranges Neglecting Friction

relationship between the accuracy and distance traveled (i.e. as the distance increases, the
tolerance on the accuracy also increases and the accuracy itself decreases).
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Figure 2: Pareto Fronts for Distance vs. Accuracy

While these results are not entirely realistic, they are a stepping stone to more realistic
solutions. If the friction in the barrel was somehow reduced (i.e. though some form of
lubrication), these designs could provide feasible starting points for other optimizations.
Additionally, they provided the groundwork for the next phase of this optimization: incorporating
friction.

3.2 Maximize Distance (X) Incorporating Friction

When incorporating friction, the optimization was run with the same tolerances as were used
in the previous scenario. However, in this situation, every tolerance resulted in the same
design parameters (see Figure . The results are summarized in Table [2[ and a rendered
image of the optimized PML can be seen in Figure [3]

When including friction, the active constraint was always the torque on the wrist. The impact
pressure never reached the pain threshold and the required lung capacity was well within
average lung capability. Additionally, as seen in Figure [2| the friction in the barrel causes
the Pareto front for distance vs tolerance to shift to the left. This means that optimized
distance decreases for any given tolerance, which was to be expected.
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Constraints
Wrist Torque (Tyw) 1.5 Nm
Impact Pressure (P;) 80.3 kPa
Lung Capacity (V) 0.25 L

Design Variables

Inner Diameter (Dg) 1.0 cm
Barrel Length (Lg) 1.19m
Air Pressure (P4) 19.3 kPa

Table 2: Results With Friction

Figure 3: Optimized Pneumatic Marshmallow Launcher

Since there are a large variety of paintball guns commercially distributed, a direct comparison
of them to the optimized PML would be infeasible. However, comparing more generalized
values from paintball guns to the PML are sufficient for this context. These comparisons
can be seen in Table [3]

PML Paintball Guns
Muzzle Velocity 19.8 m/s = 90.0 m/s [0
Weight 0.278 kg ~ 2.3 kg
Cost* = $3.00 =~ $150.00

*Not including cost of amo

Table 3: PML vs Commercial Paintball Guns

As can be seen, the muzzle velocity of the PML is considerably smaller than that of a paintball
gun. This will result in a smaller impact pressure. That, coupled with the less rigid nature
of the marshmallow, will result in lower pain felt by the recipient of the projectile. The
weight is also considerably lower than a paintball gun, making it potentially more portable.
Finally, the cost of the PML is drastically lower than that of a paintball gun, making it the
more economical choice.
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4 Conclusion

Compared to an actual paintball gun, the PML seems to shoot shorter distances and with
less accuracy. This was to be expected. However, the results were obtained under an impact
pressure constraint that allowed for minimal pain with no outward marks (i.e. bruising or
welts). Overall, the PML design in this report is more portable, cost effective, and less
painful than a paintball gun.

Future work on this optimization could include adapting the model to more accurately
measure the physical phenomenon occurring during the use of the PML (i.e. incorporating
air resistance). Additionally, other barrel designs could be considered to increase the barrel
length while keeping the torque applied to the wrist at a minimum. Finally, a method of
lubrication that could replicate the results of the frictionless scenario could be determined
and implemented, allowing for new branches of optimization to be followed.
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6 Appendix

X Distance Shot
AY Accuracy Tolerance
T e Torque Applied to Wrist by Gun
I Pressure of Impact
VL Lung Capacity
LB e Barrel Length
LG Gun Length
DB Barrel Diameter
P Air Pressure inside Barrel
WG Gun Weight
Ho oo Height of Marshmallow
DAL e Diameter of Marshmallow
AN e Cross Sectional Area of Marshmallow
DM ettt e Density of Marshmallow
DB eeeeee e Density of Barrel Material
SB Friction Factor of Barrel Material
17 - ST T TP ST Thickness of Barrel
A B Cross Sectional Area of Barrel
UNL oot ettt Muzzle Velocity
OB oo Cost per Unit Length of Barrel Material
O oo Cost per Package of Marshmallows
Vs e Residual Volume of the Lungs After Exhalation
Bt oo Atmospheric Pressure
Notes

1. All densities (p) are based on researched, not experimental, values

2. Average voluntary wrist torque value obtained from experimental data provided by
Dr. Charles
e Average Voluntary Wrist Torque: 7.5 Nm

e Most of the time, only 10-20% of average voluntary wrist torque is used (Tyy:
0.75— 1.5 Nm)
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