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Summary 

In micro assembly parts are often glued together, unfortunately a practical adhesive dispensing 
technique is missing for this application area. The dot volumes in micro assembly are of the 
order of 1 nanoliter, classica! dispensing methods can be used, but only under controlled 
conditions, which increases the costs. 
At TNO research is clone to simplify and cheapen the use of adhesives in micro assembly for 
manufacturers. The initia! plan is to dispense the adhesive in a specialized centra! plant. In 
the plant adhesive is dispensed on a tape under controlled conditions. The tape with the 
adhesive is cooled to prevent curing of the adhesive and is transported to a manufacturer. 
The manufacturer has a machine that can shoot the adhesive from the tape. The adhesive 
will be launched from the tape and will be heated by the surrounding air, making it tacky. 
The tacky adhesive will then stick to the target component and the manufacturer can glue 
the parts together. 
This research focusses on how to get the adhesive from the tape to the target. First some 
research is clone on the heating of a drop of adhesive during flight and it is concluded that 
a higher accuracy can be achieved by fragmenting a film of adhesive. The uniform thickness 
of the film garanties reproducible shots and the small fragments adhesive will heat faster 
than a large drop allowing a decrease in the distance over which the adhesive has to be shot. 
Research on the fragmentation of brittle solids shows that the fragment size can be influenced 
by the strain rate during impact, which can also be represented by the acceleration in the 
tape a shooter achieves. 
A new shooter is made on the basis of a FEM analysis of an existing shooter and experiments 
are performed to test the fragmentation and heating theory. From these experiments it is 
concluded that the fragment size can be influenced using the acceleration caused by the 
shooter. The adhesive does not become tacky during the experiments due to the fact that the 
surrounding of the cooling block are to cold to affectively heat the adhesive. It is recommended 
to try to split the deposition of the solidified adhesive in two parts, the fragmentation and 
the deposition. Two of the options are to manipulate the fragments using an airstream or to 
grind the adhesive instead of fragmenting it using an impact. 
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Samenvatting 

Bij micro assemblage worden onderdelen vaak gelijmd, helaas is er geen praktische techniek 
beschikbaar om lijm te dispensen voor dit toepassingsgebied. De volume van druppels ligt in 
de orde van 1 nanoliter, klassieke dispens technieken kunnen gebruikt worden, maar alleen 
onder gecontroleerde omstandigheden, dit verhoogt de kosten. 
Bij TNO wordt onderzoek gedaan om het gebruik van lijm in micro assemblage simpler en 
goedkoper te maken voor fabrikanten. Het initile plan is om de lijm centraal te dispensen in 
een gespecialiseerde fabriek. In deze fabriek wordt de lijm onder gecontroleerde omstandighe
den gedispensed op een tape. De tape met lijm wordt bevroren zodat de lijm niet uithardt en 
wordt getransporteerd naar een fabrikant. De fabrikant heeft een machine die de lijm van de 
tape af kan schieten. De lijm wordt van de tape gelanceerd en warmt op door de temperatuur 
van de omringende lucht waardoor hij plakkerig wordt. De plakkerige lijm blijft aan een doel 
component plakken en de fabrikant kan vervolgens onderdelen aan elkaar plakken. 
Dit onderzoek is gefocust op hoe de lijm van de tape naar het doelwit moet. Eerst is er 
onderzoek gedaan naar het opwarmen van de lijm tijdens zijn vlucht, hieruit is de conclusie 
getrokken dat een hogere accuratesse bereikt kan worden door het fragmenteren van een dun 
laagje lijm op tape. De uniforme dikte van het laagje lijm garandeert reproduceerbare schoten 
and de kleine fragmenten lijm warmen sneller op dan een grote druppel, wat ervoor zorgt dat 
de lijm minder ver hoeft te vliegen. Onderzoek naar het fragmenteren van brosse materialen 
toont aan dat de fragment grootte benvloedt kan worden door de rek snelheid tijdens een 
botsing, wat zich laat vertalen naar de acceleratie die een schieter teweeg brengt op de tape. 
Op basis van een EEM analyse van een bestaande schieter is er een nieuwe schieter gemaakt 
en er zijn experimenten gedaan om de fragmentatie en opwarming theory te testen. Deze 
experimenten tonen aan dat de fragment grootte inderdaad benvloedt kan worden door de 
acceleratie die een schieter veroorzaakt. De lijm wordt niet plakkerig tijdens de experimenten 
doordat de omgeving van het koelblok te koud is om de lijm effectief op te warmen. Aan
bevolen wordt om te proberen het depositioneren en het opbreken van de lijm te splitsen, 
namelijk het fragmenteren en het depositioneren. Enkele van de opties zijn om te proberen 
de fragmenten door middel van een luchtstroom te manipuleren of om de lijm fijn te malen 
in plaats van te fragmenteren met een impact. 
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Chapter 1 

Introd uction 

Nowadays there is a trend to make (consumer) products smaller, with more functionality, 
portable and wireless. Examples of this trend are mobile phones and laptops. The technology 
used in such devices is called micro technology. To be able to support the micro technology 
business in the Netherlands TNO founded a business unit specialized in micro technology, 
MDT (Micro Devices Technology), one of the focusses of the business unit is micro assembly. 
In micro assembly the parts that form a micro device are assembled. A frequently used 
method of joining components in micro assembly is by using adhesives. A great number of 
adhesives is available and all these adhesives have their pro's and con's on the basis of which 
an adhesive will be chosen for a certain application. To use an adhesive it must be dispensed 
on the components. For dispensing of adhesives a large number of industrial techniques is 
available. All these dispensing techniques have a practical working area, which is defined by 
the viscosity of the adhesives that can be dispensed and the volume of the dots the dispenser 
can make. 

Figure 1.1 shows several adhesive dispensing techniques and their practical working areas 
in dot volume and viscosity. In the application area of micro assembly a practical adhesive 
dispensing technique is missing. The absence of a practical dispensing technique farces en
gineers to use an adhesive which would otherwise not have been their first choice. In this 
case an adhesive is chosen because it can be dispensed and not because it will have optimum 
properties for this application once it is cured. The limiting property in the dispensing of 
adhesives is the viscosity of the adhesive. It is practically impossible to dispense a dot with 
a volume of 1 nanoliter with an adhesive with a viscosity of 100 Pas. TNO wants to find a 
solution for this problem by cooling down the adhesive to a temperature where it becomes a 
solid. 

The initial idea is to make a specialized dispensing machine which can make very small drops 
under controlled circumstances, this is done in a specialized plant. These drops are deposited 
on a tape. The tape with the drops is cooled to make sure the adhesive doesn't cure. The 
tape can then be transported to a plant in frozen condition where the drops are shot of the 
tape. In the plant where the adhesive is used no specialized dispensing technique is needed, 
just a standardized shooter to get the adhesive from the tape to the target. The shooter 
shoots the drop from the tape, the drop heats during flight and sticks to its target. 

The focus in this report is on shooting the adhesive from the tape. To make the solidified 
adhesive tacky it must be heated during flight. The amount of adhesive that is deposited 
eventually on the target should be in the order of 1 nanoliter, which is a drop with a diameter 
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Figure 1.1: Several adhesive dispensing techniques and their practical working areas. The 
viscosity of the adhesive determines which dispensing techniques can be used and how large 
the dot volume is. In the application area of micro assembly there is no practical adhesive 
dispensing technique available. 

of 125 µm. The accuracy of this deposition should be at least 100 µm. At the start of the 
project two shooters are available, these will be analyzed to better understand the proces. 
The first part of this research focusses on the heating of the solidified adhesive and on how 
small parts of solidified adhesive can be made by breaking a drop or film of adhesive. After 
this a model of one of the existing shooters is made and validated. This model is then used 
in the design of a new shooter. With this new shooter experiments are clone and the results 
of these experiments are analyzed. 



Chapter 2 

Trajectory and heating of a 
solidified drop of adhesive in • air. 

The shooter that is currently available shoots a drop of solidified adhesive from a tape. This 
is done by accelerating a steel ball using compressed air. The steel ball impacts a steel anvil 
on which the tape is resting. This causes the solidified adhesive to fly away and sometimes 
to break, see figure 2.1. 

Tape with adhesive 

\ • • • 
anvil---

ball 

barrel ---

Figure 2.1: Schematic of the shooting mechanism. The ball is shot through the barrel against 
the anvil. The diameter of the ball is 3,0 mm the diameter of the anvil is 10 mm, the thickness 
of the tape is 60 µm. 

The adhesive that is shot from the tape has to be deposited on a target. Therefore the 
adhesive has to be tacky when it reaches the target. The adhesive has to heat during its 
flight through the air. In this chapter a model is made of a drop of solidified adhesive that is 
flying through air and heating up. This model is analyzed and this will lead to some options 
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for further research. First a model is made of the flight of the drop. While the drop is flying 
upward from the tape its trajectory is determined by gravitation and air friction. After the 
trajectory of the drop is determined the heat exchange of the drop with the surrounding air 
is modeled. This model can be used to simulate the temperature of the drop during flight. 
The effect of different drop diameters on the trajectory and the temperature is simulated. 
Also the effect of a change of state of matter during flight will be simulated. Fragmenting the 
adhesive to accelerate the heating proces is considered and research is done on how to control 
the fragment size. 

2.1 Assumptions on material properties 

Simulation of the trajectory and heating of a drop of adhesive requires knowledge of the 
material properties of the solidified adhesive. Most material properties of adhesives in liquid 
or solidified state are unknown, assumptions must be made on the material properties that 
are needed for the simulations. Because no documentation could be found on the thermal and 
mechanical properties of solidified adhesives the rough estimation is made that most adhesives 
can be represented using the material properties of water with the freezing point shifted to 
-40 °C. The freezing point is shifted to -40 °C because most adhesives are still liquid at O °C 
and the storage temperature of some of the adhesives used during the test is -40 °C, they are 
solidified at this temperature. 

2.2 Trajectory of a drop 

While the drop is flying through the air two forces act on it, gravitation (F9 ) and air friction 
(Fair). To model the flight of a drop the geometry of the drop is simplified to a sphere. 
F9 is calculated using: 

F9 = mg 

1 3 
frd Psphere9 (2.1) 

And Fair is calculated using equation 2.2 [l]: 

F. 1 d2C -2 
air= g1TPair DX (2.2) 

Wherein ± is the velocity of the sphere and Cv is the coefficient of drag. 
The calculation of the coefficient of drag depends on the Reynolds number Re, which can be 
calculated with: 

Re = d 1±1 Pair 

µair 
(2.3) 

Wherein d is the diameter of the sphere in m, µair is the dynamic viscosity of the surrounding 
air in kg/m/s and Pair is the density of the surrounding air in kg/m3• In the simulations in 
this research the Reynolds number varies between O and 80. 
The coefficient of drag can be calculated using the formulas in figure 2.2(a), which are visu
alized in figure 2.2(b). 



2.2 Trajectory of a drop 

For Reynolds numbers: Calculate CD with: 
Re :S 0, 01 Cn = ~ + 1! 

0, 01 < Re :S 20 Cn = 24 (1 + 0, 1315Re(0,82-0,05w)) 

20 <Re< 260 Cn = i (1 + 0, 1935Re0·6305 ) 
(a) Calculat1on of Cv for a sphere as a function of the Reynolds number [l]. 
Cv as a function of Re is plotted in figure 2.2(b). 
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(b) Plot of Cv versus Re. For the simulations that are done here the 
Reynolds number is between O and 80. 

Figure 2.2: Table and plot of Cv as a function Re. 

The displacement of the sphere can now be described with equation: 

mx = F9 + Fair 

5 

(2.4) 

Equation 2.4 is a nonlinear differential equation which is solved numerically using matlab 
command ode45. 
The trajectories of spheres of selected diameters are plotted in figure 2.3. Large spheres 'jump' 
higher and have a higher terminal velocity in comparison to small spheres. 
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Figure 2.3: Trajectories of spheres of selected diameters. Large spheres 'jump' higher and 
have a higher terminal velocity. This is due to the larger volume to area ratio of larger 
spheres, the air friction is relatively low compared to a small sphere. 



2.2 Trajectory of a drop 7 

2.2.1 Validation of the trajectory model 

A model was made of the trajectory of a sphere which is shot upwards in air. The model is 
validated by using a high speed camera to record the traject of several particles. The particles 
used are powder particles normally used for rapid prototyping. These are nylon particles with 
a diameter ranging from approximately 35 µm to 80 µm, see figure 2.4. The mass density 
of the nylon particles is approximately 1150 kg/m3 , which is close to the mass density of the 
ice particles of which the trajectories where simulated before. The trajectories of the nylon 
spheres will resemble the trajectories of the ice spheres in the simulation shown in figure 2.3 
because the mass densities of the ice and nylon are approximately the same. 

Figure 2.4: Nylon particles. 

A thin layer of particles is deposited on an anvil and a steel sphere is shot at the bottom of 
the anvil. Due to the impact of the sphere with the anvil a cloud of particles flies upward 
from the anvil, see figure 2.5. From this cloud of particles five particles are tracked. 

This results in a plot of the trajectory of these five particles, see figure 2.6. Because all 
particles have a different diameter the trajectories of the particles also differ. Figure 2.6 also 
shows a simulation made with the trajectory model and quadratic fits that are made of the 
trajectories. The data points from the experiment match well with the fits. The experiments 
also fit well with the simulation, which validates the trajectory model. 
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• Nylon particles ---,. • • 

High speed camera 

Steel ball 

(a) Schematic of the test setup. (b) Frame of the high speed camera film. 

Figure 2.5: Figure 2.5(a) shows the test setup. The steel hall is shot at the anvil which makes 
the nylon particles fly and a high speed camera is used to record the event. Figure 2.5(h) 
shows a shot of the flying particles. 
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Figure 2.6: Plot of the trajectories of five particles, the quadratic fits and a simulated trajec
tory. The data points from the experiment match well with the fits. The experiments also 
fit well with the simulation, which validates the trajectory model. The simulation is made of 
a particle with a diameter of 60 µm and a starting velocity of 3 m/s. The trajectory of the 
sphere has similarities to a parahola, hut it is not a parahola hecause of the influence of the 
air friction. 



2.2 Trajectory of a drop 9 

For comparison of the air friction force and the gravitational force the trajectories of the 
individual particles are fitted with a second order polynomial of the form: 

Xfit(t) = at2 + bt + c (2.5) 

Wherein Xfit(t) is the height of the particle at timet and a, band care constants. Table 2.1 
displays the constants a, band c found for the five particles. Acceleration a ranges from -137 
m/s2 to -344 m/s2 which is significantly larger than the gravitational constant of-9,81 m/s2 . 

This indicates that the air friction force is 14 to 35 times larger than the gravitational force on 
the particles. The large range in acceleration can be caused by the different diameters of the 
particles. The air friction force will be relatively small on large particles and vice versa due 
to the volume to area ratio of the particle. Velocity bis the starting velocity of the particles, 
the range in b is probably due to the different starting positions on the anvil. Constant c 
should be and is close to zero because of the starting height of the particles, which was set to 
zero. 

a in m/s"/, b in m/s c in m 
particle 1 -344 3,49 0,0340 · 10-::s 
particle 2 -208 3,52 0 0175 · 10-3 

l 

particle 3 -137 2,50 0 0604 · 10-3 
l 

particle 4 -154 2,09 0 1027 · 10-3 
l 

particle 5 -251 3,40 0 0482 · 10-3 

' 

Table 2.1: Polynomial constants for five particles. The deceleration is much larger than 9,81 
m/s2 , which means the air friction is significantly larger than the gravitational force and has 
an impact on the trajectory of the particles 

Conclusion: The trajectory model is valid and the air friction has a significant impact on the 
trajectory of a sphere at this scale. 
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2.3 Heating of a sphere 

Here a model is made of the heat exchange of the particle with the surrounding air. The 
heat exchange model will be expanded with a model of the change of state of matter that will 
transform the solidified adhesive to liquid adhesive during flight. 

2.3.1 Convective heat transfer 

The heat transfer between drop and air can be convective or natural or a combination of 
both. Natural convection may be neglected if [2]: 

Gr/Re2 « 1 (2.6) 

Wherein Gr is the Grashof number and Re is the Reynolds number. The Grashof number is a 
dimensionless number which indicates the ratio of the farces due to difference in mass density 
to the viscous farces. The Reynolds number is the ratio of inertial farces to viscous farces 
and it quantifies the relative importance of these two types of farces. The Grashof number 
can be calculated using: 

Gr = gd3 ç tl.T 
v2 

(2.7) 

Wherein g is the gravitational constant in m/s2 , d is the diameter of the sphere in m, tl.T is 
the temperature difference between the surface of the sphere and the surrounding air in K, 
ç is the coefficient of expansion in K-1, and vis the kinematic viscosity in m2 /s. Re can be 
calculated using equation 2.3. 
For an ice sphere of 200 K in air of 300 K with a speed of 10 m/s, Gr / Re2 = 6, 0 · 10-6 , thus 
natural convection may be neglected and only convective heat transfer has to be modeled. 
A sphere shot from the tape will fly through the air and heat up due to forced convection if 
the surrounding air is warmer than the sphere. 
If an object is small enough or has a low internal resistance to heat transfer it can be assumed 
the whole body has the same temperature. In this case the heat exchange model can be 
simplified to a lumped body approximation. A lumped body model is the simplest model to 
be used to model the heat transfer between a solid and a surrounding fluid [3]. The main 
assumption in a lumped body approximation is a uniform temperature of the solid, there are 
no temperature gradients within the solid. Furthermore, the volume of the surrounding fluid 
must be large enough to ensure its temperature will remain constant throughout the process. 
It has been found that, if the following condition is satisfied for the Biot number, the lumped 
body approximation can be used with little error [3]: 

Bi = he Vsphere < 0 l 
kadhesiveAsphere - ' 

(2.8) 

In this equation Bi is the Biot number, the Biot number is a dimensionless ratio of convection 
to conduction resistance to heat transfer. The Biot number gives an indication of the tem
perature gradient within the solid compared to the temperature difference between the solid 
surface and the fluid. he Is the convection heat transfer coefficient between the drop and the 
surrounding air in W /m/K, ½phere is the volume of the droplet in m3 , kadhesive is the thermal 
conductivity of the droplet in W /m/K and Asphere is the surface area of the drop in m2 • 
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The convective heat transfer coefficient he can be extracted from the Whitaker Equation [3]: 

- . 1µ 
Nud = hcd = 2 + ( 0, 4Rel/2 + 0, 06Re2/3) Pr0,4 (µair ,300K) 

kJ µair,200K 
(2.9) 

Wherein NuD is the average Nusselt number of the flow, kJ is the thermal conductivity of 
the air at 300 K , µair ,300K is the viscosity of the surrounding air in Ns/m2, µair,200K is the 
dynamic viscosity of the air at 200 K, Pr is the Prandlt number for air at 300 K, Re is the 
Reynold's number which can be calculated with equation 2.3. The Prandlt number is a di
mensionless number approximating the ratio of momentum diffusivity (viscosity) and thermal 
diffusivity. The Nusselt number is a dimensionless number that measures the enhancement of 
heat transfer from a surface that occurs in a "real" situation, compared to the heat transferred 
if just conduction occurred. 
Naw an estimation of the Biot number can be made using the parameters from table 2.2. 

property symbol units ice (water) air at 200 K air at 300 K 
density p kg/ma 917 1,768 1,177 
kinematic viscosity Il m2/s 7 490 · 10-6 

' 
15 68 · 10-6 

' dynamic viscosity µ kg/m/s 13,24 · 10- 6 18 46 · 10-6 

' thermal conductivity kJ W/m/K 2,1 0,01809 0,02624 
Prandtl number 0.739 0.708 
Specific heat Cp J/kg/K 2200 1006,1 1005,7 
coefficient of expansion ~ Kl 50 · 10-6 5 0- 10-3 

' 
3 5. 10-3 
' 

Table 2.2: material properties 

The Biot number for an ice sphere of 200 K in air of 300 K with a speed of 10 m/s the 
Biot number is 0,0123. This value is smaller then 0,1, which means the lumped capacitance 
method can be used. 
Because the Biot number is small the heat transfer between the object and the fl.uid is con
trolled almost exclusively by the surface resistance, i.e., the value of the convection coefficient 
he. Because the temperature gradient within the sphere is small a model can be formulated 
by performing an energy balance on the object [3]. 

-----T = T(t) 

~ 

c• T" ..... __ 

W/////7//////////////////////////2 

Figure 2. 7: The energy balance for an object cooled in a fluid 
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Figure 2. 7 shows a hot object in a cold fluid. The object itself is the system that is selected for 
analysis. An energy balance for the system states that the decrease in stored energy equals 
the heat transferred by convection: 

(2.10) 

The rate of decrease in stored energy Êst is the decrease in internal energy of the system 
(ou/ot) and thus: 

. ÓU dT dT 
Est= öt = mepdt = Psphere°VsphereCpdt• (2.11) 

Wherein p, Vsphere and Cp are the density, volume and specific heat of the sphere. The 
temperature of the sphere changes only with time ( öT / ot). The heat transfer by convection 
is. 

(2.12) 

Wherein Asphere is the surface area of the sphere and T 00 is the temper at ure of the surrounding 
medium in K. 
Combining equations 2.11 and 2.12 results in equation 2.13. 

dT = -IÏcAsphere (T _ Too) (2.13) 
dt Ps °VsphereCp 

Equations 2.4 and 2.13 can now be used to simulate the trajectory and temperature of the 
sphere if there would be no change of state of matter. 
Figure 2.8 shows a plot of the temperature versus the height for spheres of different diameters 
with an initial velocity of 10 m/s. The initia} temperature of the spheres is 200 K and the 
temperature of the surrounding air is 300 K. 
Larger spheres heat slower than small spheres. This is due to the larger volume to area ratio 
of large spheres. 
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Figure 2.8: Plot of the height versus the temperature for spheres of different diameters. Large 
spheres heat up slower than small spheres. 
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2.3.2 Change of state of matter 

At a certain temperature (T melt) the solidified adhesive melts and farms a liquid or gas. This 
requires a certain amount of heat. lf energy is added to a solid its temperature increases until 
the melting temperature is reached. This results in an energy-temperature diagram (theory) 
as in figure 2.9. This figure shows a solid that is heating due to the energy that is added to it 
(blue line). At a certain temperature Tmelt the state of matter of the solid starts to change, 
(green line) during this phase energy is added to the solid without changing the temperature 
of the solid. lf enough energy is added the solid becomes a liquid. In the solid and liquid 
state the temperature is a linear function of the energy that is added to the material with 
coefficient: 

dT l 
-

dq Cp 
(2.14) 

Wherein Cp is the specific heat capacity of the material in the current state of matter in 
J /kg K. The specific heat capacity is different for each state of matter and during a change 
of state of matter it is infinite. In a numerical simulation of the temperature an infinite cp 

will cause problems, therefore some adjustments are made to the theoretica! model. During 
the change of state of matter an increase in temperature of !::,.T is permitted, see figure 2.9. 
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Figure 2.9: Plot of the temperature as a function of the energy added toa solid. The specific 
heat varies between states of matter and is infinite during a change of state of matter. The 
solid line shows the theoretic model and the dashed line is the model use for simulations. 

Because Cp is not infinite anymore the temperature of the material changes an amount !::,.T 

during the transition. The amount of energy that is added to the material is calculated using: 

Qmelt = Cp · /::,.T (2.15) 
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The following equations for Cp can be derived: 

{ 

Cp if T < T melt 
ep(T) = 91l!f if Tmelt ~ T ~ Tmelt + ó.T 

Cp if T > Tmelt 
(2.16) 

Using the equation 2.16 and the differential equations 2.4 and 2.13 a simulation can be made 
of the temperature versus height, see figure 2.10. 
Figure 2.10 shows a plot of the height versus the temperature for spheres of different diameters 
with an initial velocity of 10 m/s. The initial temperature of the spheres is 200 K and the 
temperature of the surrounding air is 300 K. ó.T = 1 K, which is 1 % of the total temperature 
difference of the solid and air, given the assumptions on the material properties this value is 
acceptable. 
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Figure 2.10: Plot of the height versus the temperature for spheres of selected diameters. The 
change of state of matter has a large impact on the heating of a drop. Small drops heat faster 
than large drops. 

Larger drops need a langer traject to heat and melt, this is due to their larger volume to area 
ratio. A drop with a diameter of 100 µm will need a distance of approximately 3 cm to melt, 
which decreases to a distance of 0,5 cm for a drop with a diameter of 25 µm. 

2.4 Discussion 

Figures 2.3 and 2.10 show the trajectories of spheres of varying diameters and their tempera
ture. From these figures it is concluded that large spheres will "jump" higher and retain their 
temperature langer than small spheres, this is due to the larger volume to area ratio of the 
large spheres. 
The accuracy of the adhesive deposition can be increased by decreasing the distance from the 
tape to the target. If the distance between the tape and target is smaller the drops will have 
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to heat faster. This can be accomplished by decreasing the size of the drops. To make small 
drops that heat up fast large drops can be fragmented or an adhesive film on a tape can be 
fragmented using the impact of the shooter. Fragmenting a large drop or film has several 
advantages: 

• The drop put on the tape can be larger and thus easier to dispense. 

• The fragments of the drop can be factors smaller than the smallest drop that can be 
deposited using classic methods. 

• A mask can be used to shape the patch of adhesive that is deposited. 

• If a film is deposited on the tape only the thickness of the film is significant, if the 
thickness of the film is well defined then the shooter doesn't have to be aligned very 
well to the film. 

Disadvantages of fragmenting a large drop or film are: 

• If a mask is used to catch the unwanted adhesive more adhesive will be wasted. 

• Fragmenting the adhesive in a controlled way might cause problems: more research is 
needed. 

When a drop of adhesive is shot from a tape the position of the shooter relative to the drop 
and the exact shape of the drop will influence the positioning accuracy of the adhesive on the 
target. If fragments of adhesive are shot from a thin layer of solidified adhesive of uniform 
thickness on tape the position of the shooter relative to the tape will not matter because of 
the uniform thickness of the film. The positioning system of the tape can then be simplified. 
Fragmenting a large drop into smaller fragments will accelerate the heating process and thus 
increase the positioning accuracy. Therefore a shooter will be build which fragments the 
solidified adhesive. To control the fragment size a shooter produces insight is needed in the 
parameters that control the fragmentation a.k.a spall of the solidified adhesive. 

2.5 Spall 

In this project adhesives are cooled to prevent them from curing to make it possible to 
transport them predispensed. The cooling of the adhesive solidifies it, making it, like other 
solids, susceptible to fracture. The assumption is made that adhesives are brittle when cooled 
to a low enough temperature. In this section the variables that control the fragmentation of 
brittle solids are identified. 
Spall is the process of internal failure or rupture of a solid through a mechanism of cavitation 
due to stresses in excess of the tensile strength of the material [4]. Usually a dynamic failure 
is implied where transient states of tensile stress within the body are brought about by the 
interaction of stress waves. Free surfaces are assumed to be well removed from the material 
point of interest and play no role in the spall process. A relation for the size of the fragments 
after a spall event can be derived using the theoretica! spall strength, communication horizon, 
fracture surface energy, kinetic energy and elastic energy, see equation 2.17, [4]. 

s=2(~)2/3 
pCof. 

(2.17) 
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This model was verified by comparing it with simulations in CTH, which is a shock-physics 
hydrocode. Good agreement between both models was obtained [5]. It has to be noted that 
the simulations where performed at an impact speed ranging from 0, 3 · Co to 1, 2 · Co which 
is approximately lOOx faster than the speed that is currently used to impact. Research on 
the validity of this model at impact speed of approximately 10 m/s was not found . 
Equation 2.17 shows that the size of the fragments after a spall event, s is controlled by the 
fracture toughness K cl, the mass density p, the speed of sound Co and the strain rate i. Since 
fracture toughness, mass density and speed of sound are material properties the parameter 
that can be used to control the fragment size is the strain rate. An increase in strainrate will 
result in a decrease of the size of the fragments. 
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2.6 Conclusions and discussion 

In this chapter a model is made of the traject and temperature of drop of solidified adhesive 
that is flying through air. Figures 2.3 and 2.10 show the trajectories of spheres of varying 
diameters and their temperature. From these figures it is concluded that large spheres will 
"jump" higher and retain their temperature langer than small spheres, this is due to the 
larger volume to area ratio of the large spheres. 
The accuracy of the adhesive deposition can be increased by decreasing the distance from the 
tape to the target. If the distance between the tape and target is smaller the drops will have 
to heat f aster. This can be accomplished by decreasing the size of the drops. To make small 
drops that heat up fast large drops can be fragmented or an adhesive film on a tape can be 
fragmented using the impact of the shooter. To increase accuracy the research is concentrated 
on fragmenting a thin film of solidified adhesive which is deposited on a tape. Research was 
clone on the fragmentation of brittle solids and it was found that the parameter that can be 
used to control the fragment size is the strain rate. In the next chapter a model is made of 
the existing shooter which can be used to analyze what is happening during impact, which 
can help in the design of a better shooter with a longer lifespan. 
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2. 7 List of symbols 

Symbol Descri ption Unit 

Fg Gravitational force acting on sphere N 
m Mass of sphere kg 

g Gravitational constant of earth m/s2 

Pshpere Mass density of sphere kg/m3 

Fair Air friction force on sphere N 

Pair Mass density of surrounding air kg/m3 

Cv Coefficient of drag -
x Velocity of sphere m/s 

µair dynamic viscosity of the surrounding air kg/m/s 
a constant m/s2 

b constant m/s 
C constant m 

Gr Grashof number -
Re Reynolds number -
ç coefficient of expansion 1/K 
T temperature K 

b..T temperature difference K 
1/ kinematic viscosity m2/s 
Bi Biot number -
he convection heat transfer coefficient W/m/K 

½phere Volume of droplet m3 

kadhesive conductivity of droplet W/m/K 

Asphere surface area of the droplet m2 

Nud Nusselt number -
k1 thermal conductivity of air at 300 K W/m/K 

µair,200K viscosity of air at 200 K Ns/m2 

µair,300K viscosity of air at 300 K Ns/m2 

Èst rate of increase in stored energy w 
Èau.t rate of energy transferred to surroundings w 

Cp specific heat of material of the sphere J/kg/K 
Too temperature of surrounding air K 

qmelt amount of energy needed for change of state of matter J/kg 

Tmelt Temperature of change of state of matter K 
d diameter of sphere m 
x acceleration of sphere m/s2 

Xjit fit of X lm 
Pr Prandlt number -
Kcr fracture toughness PaJrn 
Co speed of sound m/s 

E strain -
E strain rate 1/s 
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Chapter 3 

FEM model of an existing shooter 

The shooters that have been used in experiments until the start of this research have been 
designed using a trial and error method. The thickness, shape and hardness of the initia! 
design was altered in such a way that the performance of the shooters step by step became 
a little better. In the end the shooters performed better, but they still have a short lifespan 
and the shooting abilities are also limited. No calculations or simulations where done during 
this design period, there is little understanding of how the shooters work. 
The shooters that are designed before the start of this research are based on two concepts, 
the indirect and the semi-direct impact concepts. In the indirect impact concept a steel ball 
is shot against a steel anvil. On top of the anvil rests the tape with the solidified adhesive. 
The impact of the ball on the anvil breaks the solidified adhesive. In the semi-direct concept 
a steel ball is shot against a steel pin. This pin moves upward and impacts the tape, this 
causes the adhesive to break. The semi-direct shooter is not robust, making it unsuitable for 
experiments, therefore the indirect shooter is used for further analysis. 
To be able to understand what happens during a shot with the existing shooters a model is 
needed which can be used to analyze the shooter and which can help in the design of a new 
shooter. A FEM model is used because it can show how acoustic waves propagate through 
the anvil. In this chapter a FEM model of the indirect shooter is made and verified using a 
laservibrometer. 
The indirect shooter consists of a barrel, a ball and an anvil, see figure 3.1. There are two 
anvils available, a thin one and a thick one, see appendix B. 
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Tape with adhesive 
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anvil 

ball 

barrel 

Figure 3.1: Schematic of the shooting mechanism. The ball is shot through the barrel against 
the anvil. The diameter of the ball is 3,0 mm the diameter of the anvil is 10 mm, the thickness 
of the tape is 60 µm. 
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3.1 FEM-model 

To simulate the impact of the ball on the anvil a suitable shooter must be used. Such a solver is 
ANSYS LS-DYNA, which is an explicit dynamic nonlinear solver, specially made for limited 
duration events such as collisions. An explicit dynamic solver is more efficient in solving 
impact events than implicit solvers because it doesn't have to invert the stiffness matrix. This 
solver can simulate dynamic problems with large deformations. Material damping cannot be 
modeled in LS-DYNA, but some damping is build in the solver to make it stable. The 
geometry of the anvil is simplified to make it axisymmetric, this makes it possible to simulate 
a 2d model which decreases the simulation time. 

3.1.1 Speed of the hall 

The speed of the ball at the moment of impact can be calculated by using the pressure, the 
diameter of the ball and the mass density to calculate the acceleration of the ball. Linear 
acceleration results in equation 3.1. 

Vball = 
36.Plbarrel 

PballDball 
(3.1) 

The maximum speed of the ball is 80 m/s. It must be noted that this method does not take 
friction and other losses into account, the speed from equation 3.1 is an overestimate of the 
real speed at which the ball impacts the anvil. 

3.1.2 Simulated time. 

The solver determines the size of time steps automatically, the only time-related parameters 
that are chosen are the amount of time to be simulated and at how many points in time data 
has to be written to the output file. 
To get an impression of how much time must be simulated the speed of sound in the anvil 
can be used. The speed of sound determines at what speed the acoustic waves caused by the 
impact of the ball will propagate through the anvil. The speed of an acoustic wave in steel is 
approximately 5200 m/s. 
The thickness of the thick anvil is 5 mm, an acoustic wave will propagate through the thickness 
of the anvil in approximately 1 µs. At 200 data samples the time resolution is 5 · 10-9 s. 

3.1.3 The FEM model 

The FEM model is 2d axisymmetric with the line of axisymmetry is through the center of 
the anvil. The attachment for the bolts is simplified to a ring. The elements used are 4 sided 
planar elements. See figure 3.2. 

3.1.4 Element size and amount of elements 

To determine the element size and the amount of element that should be used a model is 
made of the thick anvil, and simulated using selected element sizes. A plot was made of the 
displacement of the center top of the anvil as a function of time for selected element sizes, 
see figure 3. 3. 
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Figure 3.2: Mesh used in simulations, the solver prefers a uniform element size. 

The plots for element size 2 mm and 1 mm show a displacement which differs from the plots 
with smaller elements. As the elements get smaller the plots are more alike, which indicates 
the element size is small enough. Because the element size of 0,1 mm is the smallest element 
size the PC used can handle, this will be the size used in further simulations. 
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Figure 3.3: P lot of displacement of the center top of the anvil as a function of the time for 
selected element sizes. For small elements the simulation converges to one line. 
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3.2 FEM analysis of the thick anvil 

A FEM model of the thick anvil is made and simulated and the velocity data at selected 
impact speeds is collected for the center of the anvil at the side of the tape. This data is 
collected for later comparison of the FEM model with experiments using a laser vibrometer. 
By doing this a response of the anvil as function of the impact speed of the ball is gathered 
for both the FEM model and the real shooter. These responses can be compared to validate 
the model. See figure 3.4 for the results of some of these simulations . 
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Figure 3.4: Plot of time versus velocity for thick anvil at different ball speeds. A higher 
impact velocity results in a higher anvil speed and shorter peak. The waviness in the signal 
could be caused by reflections and/or eigenmodes of the system. 

As the velocity of the ball increases the velocity of the anvil also increases. In figure 3.5 a 
plot can be seen of the initia! speed of the ball versus the maximum speed of the anvil and a 
linear fit. The function in figure 3.5 is roughly a linear function. The function that will result 
from a linear fit of this curve is: 

Vmax,lin = PI,lin vball + P2,lin (3.2) 

Wherein Vmax,lin is the maximum speed of the anvil with a linear fit in m/s, Vball is the initia! 
speed of the ball in m/s, PI,lin = 0, 064038 and P2,lin = -0, 4253 m/s. 
To determine how reliable the FEM model is, it is experimentally validated. 
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Figure 3.5: Plot of data points and lînear fit of the relation between impact speed of the steel 
hall and the maximum speed of the anvîl in the FEM model. The relation between impact 
speed and maximum speed of the anvîl is roughly lînear. 
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3.3 Experimental validation of the FEM model 

The FEM model is experimentally validated by experiments on the shooter with the thick 
anvil. The velocity of the top center point of the thick anvil is measured using a laservi
brometer. A laservibrometer is used because it can measure the speed of an object at a high 
sampling frequency without adding mass to the object. A laservibrometer is based on the 
principle of the detection of the Doppler shift of coherent laser light [6], that is scattered from 
a small area of the test object. The object scatters or reflects light from the laser beam and 
the Doppler frequency shift is used to measure the component of velocity which lies along the 
axis of the laser beam. For more information about laservibrometers see Appendix C 

3.3.1 Experimental setup 

The FEM model that was made was simulated at different initia! velocities of the ball. In 
these experiments the impact speed of the ball is varied by varying the pressure in the barrel. 
In the experimental setup the laservibrometer and the shooter are fixed on a pole on a table. 
An oscilloscope is used to monitor the output of the laservibrometer and the data is written 
to a disk for later analysis, see figure 3.6. 

laservibrometer 

pole 

Figure 3.6: Diagram of the test setup 

3.3.2 Experiments 

The response of the thick an vil is measured for shots with increasing pressure in the shooter. 
The pressure is varied from 1,0 bar to 8,0 bar with increments of 1,0 bar for each pressure level 
the data of 10 separate shots is collected. The time versus velocity signa! of this measurement 
is consisted, each measurement shows the same signal and the amplitude seems to be gradually 
increasing with increasing velocity. An example of the signal can be seen in figure 3.7. 



3.3 Experimental validation of the FEM _model 

x 10-• 

time in s 

Figure 3.7: Velocity profile of a shot at the thick anvil, the pressure in the barrel is 5,0 bar. 
The hall impacts the sphere at 7 µs. The signa! is composed of a number of frequencies. The 
first peak in the velocity is not the highest peak, this might be explained by different modes 
interacting and acoustic waves propagating through the material and causing interference. 
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The FEM model is validated in two ways. First the autopower spectrum of time-velocity 
signal is compared to the eigen frequencies found using the FEM model. Then the relations 
of impact speed versus anvil speed of measurements and model are compared. 

Comparison of the frequency data 

The frequency data from the experiments is compared to the eigenfrequencies found from the 
FEM model. The signal in figure 3. 7 consists of a number of frequency components. Figure 
3.8 shows the autopower spectrum of the signal in figure 3.7, the frequency resolution is 20 
kHz. The highest peak in the autopower spectrum occurs at a frequency of 0,14 MHz, this is 
the case in every experiment done on the thick anvil. 
The results of a modal FEM analysis on the thick anvil can be found in Appendix A where the 
first 10 eigen modes of the thick anvil are shown. In table 3.1 the frequencies matching with 
the peaks in the autopower spectrum of the velocity-time data and the first 10 eigenfrequencies 
from the FEM model can be seen. 
The second mode and the second peak in the autopowerspectrum match, this is mostly a 
bending mode of the top of the anvil, see figure A.2. 
The other modes and peaks in the autopowerspectrum can not be related to each other. It 
is however interesting to see that mode 5 is a mode in the thickness of the anvil as are mode 
9 and 10, these modes are of the same order in frequency as other modes, which means that 
the stiffness-mass distribution is equal over the volume of the anvil. This indicates the anvil 
is very massive, which is true. Note: only the frequencies can be compared, a comparison of 
the mode shapes is impossible using this method. 
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Figure 3.8: autopower spectrum of signal in figure 3.7 

Eigenfrequencies from FEM model in Hertz Peaks in the autopowerspectrum in Hertz 
0, 03551 · 106 0,0199 -10° 
0, 14625 · 106 0, 14 -106 

0, 22568 · 106 0, 259 -106 

0, 24330 · 106 0,498 -106 

0, 27430 -106 0, 538 -106 

0, 29835 -106 0, 717 -106 

0, 35601 -106 0, 976 -106 

0, 41831 · 106 1,02 -106 

0, 48960 · 106 -
0, 50529 -106 -

Table 3.1: Lists of the first 10 eigenfrequencies of the FEM model and the peaks in the 
autopower spectrum. The frequency resolution is 20 kHz. 

Comparison of the velocity-velocity response 

In section 3.2 a fit was made for the speed of the hall versus the maximum speed of the anvil. 
To be able to compare the FEM-model with the measurements using the laservibrometer the 
same is done for the data collected using the laservibrometer. A plot is made of the hall 
velocity versus the anvil velocity for the FEM-data and the laservibrometer-data, see figure 
3.9. The response of the anvil to different impact speeds of the sphere is almost linear. It 
must be noted that the initial speed of the hall is not measured hut calculated using equation 
3.1. 

In table 3.2 the fit data can be seen. There is almost no difference in the slope (pl) of the 
FEM model and the measurements in the linear fit . The model and the experiments react 
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Figure 3.9: Plot of the hall speed versus the anvil speed for the FEM and laservibrometer. 
The simulation and the measurement have the same slope. 

the same to changes in the velocity of the ball. 

- FEM linear laservibrometer linear 
pl 0,0640 0,0647 
p2 -0.4253 m/s -0.4387 m/s 

Table 3.2: Table of the polynomial constants for the fits of the FEM model and the measure
ments with the laservibrometer. Constant p(l) is nearly the same for the FEM model and 
the measurements. 

3.4 Conclusion 

31 

There is a good match between the model and the experiments because the frequency data 
and in the velocity-velocity response match. The ANSYS LS-DYNA model will be used in 
the furthei- design of a new shooter. 
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3.5 List of symbols 

Symbol Descript ion Unit 
l:!..P pressure difference in barrel Pa 

Dball diameter of ball m 

Pball mass density of ball kg/m3 

lbarrel length of barrel m 
Vball speed of ball m/s 
max maximum -
lin linear fit -

Pl ,2 fit constants -



Chapter 4 

Redesign of the shooter 

In this chapter a new shooter is designed on the basis of an analyses of the indirect shooter 
with the thin anvil and simulations using ANSYS LS-DYNA. The aim is to design a new 
shooter with a longer lifespan and better shooting abilities. 

4.1 Strain rate and acceleration 

The concept of a stress wave is introduced [7]. Consider the one-dimensional example of 
compression waves in a thin elastic rod, see figure 4.1. A stress pulse with intensity IJ, is 
propagating along the rod from left to right at the speed of sound, co. In time dt the wave 
front moves a distance dx = co dt and the element, of mass pA dx, acquires a velocity x under 
the action of the pressure pulse. The momentum equation for the element is thus: 

-(j Adt = (pA · dx )x = pAcoxdt (4.1) 

and: 

(j = -pcox (4.2) 

The element will have become compressed by du (=x dt), the strain in the element can be 
calculated using: 

du x (j 
E=--=--=--

dx co E 
(4.3) 

Co 

À -o 

... ,. __________ L --------~ 

Figure 4.1: Stress wave in an elastic rod [7] 
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In Chapter 2 equation 2.17 was found which describes a relationship between the fragment 
size and strain rate (i). Equation 4.3 is differentiated to acquire a relation between the strain 
rate (i) and the acceleration (x) of an element of the elastic rod. 

. dt: d :i; x 
€---=-· --=--

dt dt co co 
(4.4) 

Since co is a material property the variable that can be used to influence the fragment size is 
the acceleration x. 
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4.2 Analysis of the thin anvil 

During preliminary experiments with the existing shooters it became clear that the indirect 
shooter with the thin anvil has the best properties of all the shooters, it has the longest 
lifespan and is able to fragment the adhesive. In this section the indirect shooter with the 
thin anvil is modeled and on the bases of this model a list of specifications is made to which 
a new shooter should comply. 
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Figure 4.2: FEM model of the thin anvil. This model is axisymmetric around the vertical 
axis and the elements are fixed at the place where the bolts are in real life. 

The model is axisymmetric around the vertical axis and the elements are fixed at the place 
where the bolts are in real life, see figure 4.2. 
In figure 4.3 the Von Mises stress in different stadia of the collision can be seen, this clarifies 
why the anvil breaks after a number of shots. 
The Von Mises stress highest in a cone starting from the initia! contact position. and then 
upward, see figure 4.3. This stress image is compared to the fracture of the anvil, figure 4.4, 
the anvil indeed fractures at the position with the highest stress. 
The acceleration a shooter can cause is an indication on how small the adhesive fragments 
can be. To make a reference for a future design the acceleration profile centerpoint on top of 
the of the thin anvil is plotted, see figure 4.5. 
The maximum acceleration of the indirect shooter with the thin anvil with an impact speed 
of 80 m/s is approximately 1 • 109 m/s2 , see figure 4.5. The first peak in the acceleration time 
diagram is not the highest, this makes it uncertain which acceleration causes the adhesive to 
fracture. It must be made sure that in a new design the highest peak is the first one to occur. 
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Figure 4.3: Von Mises stress during different stadia of the collision. 



4.2 Analysis of the thin anvil 

Figure 4.4: Fractured anvil. The anvil is fractured at the point with the highest stress 
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Figure 4.5: Simulation of the acceleration versus time for the thin anvil, ball speed is 80 m/s. 
The maximum acceleration of this shooter is approximately 1 • 109 m/s2 , the first peak is not 
the highest. 

This leads to the following set of design criteria for the new shooter: 

• At least 1 -109 m/s2 acceleration in vertical direction at the bottom of the tape 

• A longer lifespan, can be accomplished by lowering the stresses. 

• The first peak in the acceleration must be the highest. 

With these design criteria a start can be made on the design of a new shooter. 
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4.3 The indirect impact concept 

In a new shooter acoustic waves must be predicted and controlled. The geometry of the 
old shooter makes it difficult to get more insight in the behavior of the acoustic waves that 
propagate through the material and how these acoustic waves can be influenced. A simpler 
geometry can make this easier to understand. 

4.3.1 Control of acoustic waves 

To get more insight in dynamics of acoustic waves a model of a cylindrical shooter is made 
and the acoustic waves in the cylinder are simulated. The mesh used for this simulation can 
be seen in figure 4.6. The mesh consists of a cylindrical bullet (blue) of which the top end is 
rounded and a cylinder (purple). The dimensions of both can be seen in table 4.1. The bullet 
is shot against the target cylinder with a speed of 50 m/s. 

dimension bullet cylinder 
diameter 1.6 mm 1.6 mm 

length 5mm 15 mm 
rounding radius 40mm 00 

Table 4.1: Dimensions of the bullet and the cylinder from figure 4.6 
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(b) Mesh of the cylinder (purple) and bullet 
(blue), zoomed in on the contact area. Note 
the large rounding radius of the bullet 

Figure 4.6: Mesh of the cylinder (purple) and bullet (blue). 

The propagation of acoustic waves can be visualized by making contour plots of the acceler
ation in the shooter at different points in time, see figure 4.7. 
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(a) Acceleration at t = 0, 03µs (b) Acceleration at t = 0, 20µs (c) Acceleration at t = 0,39µs 
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.... ,. ............ "_ 

(d) Acceleration at t = 1, 65µs (e) Acceleration at t = 2,69µs 

Figure 4.7: Acceleration in the bullet and cylinder at different points in time. The acoustic 
wave from the impact is traveling through the material in a sphere like shape and is reflect
ing at the surface of the cylinder. At later points in time the reflections cause a complex 
distribution. 
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Figure 4.8 a shows a plot of the acceleration versus time at the top center of the target 
cylinder. The first peak is not the highest peak and there is a lot of noise in the signal, which 
is not desirable for doing experiments. 
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Figure 4.8: Acceleration versus time for two colliding cylinders. The first peak is not the 
highest and the signal contains noise with a large amplitude. 

The design is modified to make sure the first peak in the acceleration versus time diagram 
is the highest. This was done by making the target in the shape of a frustum (topped off 
cone). Frusta of different sizes and top angles have been simulated. The results of one of 
these simulations will be shown here. Figure 4.9 shows the impact of a bullet with a frustum. 
The first pictures show the contacting of the bullet and frustum, these are similar to the 
pictures of the colliding cylinders. Figure 4.9(d) shows the acoustic waves in a later stadium, 
some focussing effect can already be seen where the frustum becomes narrower. Figure 4.9(e) 
shows the focussing of the acoustic waves in the top of the frustum. 
The first peak in the acceleration is the highest which means the tuning had the desired effect 
and it is proved that it is possible to focus the acoustic waves of a collision, see figure 4.10. 
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(d) Acceleration at t = 2, 27µs (e) Acceleration at t = 2, 94µs 

Figure 4.9: Acoustic waves in the bullet and frustum at different points in time. The acoustic 
wave from the impact is propagating through the material and is reflecting at the surface of 
the cone. The shape of the frustum increases the amplitude of the acoustic wave. 
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Figure 4.10: Acceleration versus time fora frustum. The first peak in the signa! has become 
the highest. 

41 



42 Redesign of the shooter 

To be able to use the concept of concentrating acoustic waves in a shooter the frustum must 
be attached to a support. This can be clone by adding a support edge to the frustum to 
support it with an elastic ring. The ring is not modeled here, the soft material of the ring 
doesn't influence the acoustic waves in the frustum. 
An example of a frustum with support ring can be seen in figure 4.11 
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Figure 4.11: The frustum with support edge and the bullet. 

The support edge causes unwanted reflections of the acoustic waves, these reflections must be 
filtered out. It is tried to filter out the disturbance by increasing the length of the frustum. 
The first peak in the acceleration signal contains less noise for longer frusta and the first peak 
in the signal arrives later as the acoustic waves need more time to propagate through the 
frustum, see 4.12. Though the first acceleration peak is less noisy if the frustum is longer it is 
still not the highest peak, there is still some noise in the signal with a larger amplitude than 
the first peak. This is probably caused by reflections in the frustum and the support edge, 
therefore it should be possible to delay and scatter these reflections by increasing the length 
of the edge. 
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(a) frustum height 5 mm (b) frustum height 10 mm (c) frustum height 15 mm 
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(d) frustum height 20 mm (e) frustum height 25 mm 

Figure 4.12: Acceleration versus time for frusta of different heights. As the frustum gets 
longer the noise decreases. The height of the first peak decreases slightly for longer frusta. 
The time it takes for the acoustic waves to propagate to the top of the frustum also increases. 

43 



44 Redesign of the shooter 

Figure 4.13 shows a frustum with an increased diameter support edge, the height of the 
frustum is 15 mm, the diameter of the support edge is 20 mm and the thickness of the 
support edge is 1 mm. 
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Figure 4.13: Frustum with increased diameter support edge. 

Acceleration versus time plots are made fora frustum with a height of 15 mm with an edge 
varying in diameter from 2 mm to 20 mm, see figure 4.14. 
Increasing the diameter of the support edge decreases the amplitude of the noise caused by 
reflections. An increase of the diameter to 15 mm decreases the amplitude of the noise enough 
to make the first peak in the signal the peak with the largest amplitude. 
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(d) Cone with edge diameter of 15 (e) Cone with edge diameter of 20 
mm mm 

Figure 4.14: Acceleration versus time for frusta with different edge diameters. If the diameter 
of the edge increases the amplitude of the noise decreases. The height of the pulse isn't 
significantly influenced by the edge length. 
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4.3.2 Choice of material 

The bullet and target must be made of a material that can withstand the force of the impact 
and allows high accelerations. For each material a maximum impact velocity (vmax) can be 
calculated, the maximum impact velocity is the highest speed at which only elastic defor
mation takes place. To calculate the maximum impact velocity equation 4.2 [7] is adapted 
to: 

ayield ayield 
Vmax = -- = --

PC-0 .,/Ep 
(4.5) 

Wherein ayield is the yield strength. Table 4.2 shows Vmax for selected materials [8]. 
The maximum impact speeds of steel, aluminium and tungsten carbide are of the same order. 
The maximum impact speed polyimide is significant higher than that of the other materials. 

material Vmax in m/s 
steel 16 

aluminium 14,5 
polyimide 81 

tungsten carbide 20 

Table 4.2: Maximum elastic impact speed Vmax for selected materials 

To verify if an frustum made of material with a high Vmax can produce a high acceleration 
four FEM models are made of a bullet and frustum. In each model the bullet and frustum 
are 'made' of a different material, steel, aluminium, polyimide or tungsten carbide and each 
is tuned to its optimum dimensions. The bullets are shot against the frustum with the speed 
Vmax the maximum stresses that occur should be close to the Yield stress, see appendix D. 

Summary of simulation results 

The speeds at which the bullets are shot against the cones are Vmax· According to the the 
theory [7] and equation 4.5 the stress that arises during the impact should be exactly the 
Yield stress. In table 4.3 the maximum stress that arises during the collisions (amax) the 
Yield stress, the ratio of the maximum stress and Yield stress and the maximum acceleration 
are shown. 

material ayield in MPa <7max in MPa ~ • ; ,".I, 

O'vield 
amax 1n m s 

steel 650 870 1,34 4-107 

aluminium 200 280 1,4 4-107 

polyimide 150 215 1,4 10 -107 

tungsten carbide 1930 2600 1,35 6 -107 

Table 4.3: Stresses in simulation compared to predicted stress 

If this would be an ideal geometry the ratio between the maximum stress and yield stress 
should be 1 [7]. This is not an ideal geometry, the frustum is different from the cylinder 
described in the theory and the bullet has a rounding radius to its top of 40 mm. This 
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could cause the ratio to be close to 1,4 instead of l. Because the ratio is higher than 1 the 
accelerations in table 4.3 are over-estimations of the possibilities for each material in this 
design. The highest acceleration was reached with the material with the highest Vmax• 

The most important conclusion from table 4.3 is that none of the cones have a amax that is 
even close to 1 · 109 m/s2 , the best design stil has a factor 10 less acceleration than required. 
Therefor this concept is not suitable for this application, another concept must be considered. 
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4.4 The direct impact concept 

The concept that has been analyzed before used the energy of an impact indirectly, the energy 
was focused on the tape by a frustum. A lot of energy got lost in accelerating the frustum. 
Due to these losses this concept was not able to accelerate the tape enough. A more direct way 
of accelerating the tape would be more effi.cient. The most direct way to accelerate the tape 
is by shooting the bullet directly against the tape. To prevent the bullet from penetrating 
the tape it must be stopped. 
Two models are made to check if it is possible to reach higher accelerations using this direct 
method. A steel and a polyimide bullet are shot, with a speed of Vmax , against a polyimide 
tape with a thickness of 60 µm. 

For this simulation a punch is modeled with a diameter of 1 mm and a length of 0.5 mm, see 
figure 4.15 for the mesh. 
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Figure 4.15: Mesh of the direct shooting method. The bullet (blue) is shot against the film 
(purple). 

The acceleration of the point at the bottom of the tape in the center is plotted in figure 
4.16(a) for the steel punch and in figure 4.16(b) for the polyimide punch. 
amax is 2 -109 m/s2 for the steel punch and 2, 3 • 109 m/s2 for the polyimide punch. The 
acceleration for a steel punch consists of one very high peak in the beginning of the figure 
and later on some noise. For the polyimide punch there are some peaks in the acceleration 
before the highest peak. 
Table 4.4 is used to compare the two punches. The steel punch is less prone to wear, because 
uY.punch is 0,15 for steel and 0,44 for PI. If the PI punch is used the tape is less likely to break, 

punch 

because y,utape is 0,41 for steel and 0,27 for Pl. Both punches perform well , the accelerations 
tape 

reached are much higher than the acceleration of the old shooter. It is possible to cause an 
even higher acceleration using this concept, because the stresses are smaller than the yield 
stress. The steel punch can reach comparable accelerations with lower stress levels in the 
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direct shooter with a steel punch direct shooter with a PI punch 

Figure 4.16: Acceleration versus time for a steel and a PI punch. 

punch and a lower impact speed. Thats why in the further design of a shooter the direct 
impact concept will be used with a steel punch. 

steel punch PI punch 
amax in Gm/s:.:: 2,0 2,3 

<7 yield,punch in MPa 650 150 
Upunch in MPa 100 66 
Utape in MPa 62 40 

17punch 0,15 0,44 
'7y i e ld,punch 

U t ape 0,41 0,27 
CTv i eld tal)e 

Table 4.4: Comparison of stresses for steel and PI punch 

4.4.1 Practical implementation 

To implement the direct impact concept in practice the punch will have to be stopped before 
it penetrates the tape. For the acceleration of the tape only the part of the bullet is important 
that is close to the impact of the buHet with the tape. Therefore the size of the bullet does 
not influence the initial acceleration of the tape. It is easier to stop a small mass than a large 
mass, therefore the bullet is made as small as possible. 

The bullet will be made of steel, so there will be an impact between the steel bullet and a 
stop made of steel or PI. The impact between the steel and the stop will cause stresses. To 
find out of what material the stop should be made several simulations are clone. First a steel 
on steel impact is simulated, then a steel on PI and then a PI on PI impact. 

The mesh of the model can be seen in figure 4.17. The model consists of three disks which 
can be given speeds and material properties according to the experiment. Disk one represents 
the steel bullet. 
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Figure 4.17: Mesh of three colliding disks, disk 1 represents the steel bullet 

Simulation 1: Steel on steel impact 

This simulation represents the case where the steel bullet is stopped by a steel stop. Disk 1 
(steel) is impacted on disk 2 (steel) with a speed of 16 m/s. Disk 3 (PI) is simply supported 
on its top edge. In figure 4.18 the stresses that occur during this impact can be seen, the 
maximum stress is 310 MPa. 
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Figure 4.18: Stresses in 2 impacting steel discs 
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Simulation 2: Steel on PI impact 

This simulation represents the case where the steel bullet is stopped by a PI stop. Disk 1 
(steel) is impacted on disk 2 (PI) with a speed of 16 m/s. Disk 3 (PI) is simply supported on 
its top edge. The stresses that occur during this impact can be seen in figure 4.19. In this 
figure the acoustic waves that propagate through the disks can be seen. The acoustic wave 
in the PI has propagated less than the acoustic wave in the steel, because the speed of sound 
in steel is higher than in Pl. The highest stresses that occur can be seen in figure 4.19(b), 
the highest stresses do not occur at the moment of impact, but after a while when acoustic 
waves are spread out all over the disks, at this point the disks are behaving like springs. The 
highest stress that occurs is 69 MPa. 
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(a) Stresses in impacting disks made of steel and (b) Stresses in impacting disks made of steel and 
PI. PI. 

Figure 4.19: Stresses in impacting disks made of steel and Pl. Figure 4.19(a) shows an 
asymmetrical stress profile because the acoustic wave speed in steel is higher then in Pl. 
Figure 4.19(b) shows the highest stress in the material, these do not occur at the moment of 
impact, but after the impact when the disks are behaving like springs. 

Experiment 3: PI on PI impact 

This simulation represents the case where a PI stop is attached to the steel bullet, they impact 
together against a PI stop. In the third experiment disk 1 (steel) and disk 2 (PI) are impacted 
together against disk 3 (PI) with a speed of 16 m/s. An impact will take place between disk 
2 and disk 3. The results for this experiment can be seen in figure 4.20. Figure 4.20(a) shows 
the stresses at the moment of impact. The stresses both disks 2 and 3 are symmetrie, this is 
because the acoustic waves propagate at the same speed in both disks. Figure 4.20(b) shows 
the stresses later on in the impact. The stress in the steel is very low at this moment, varying 
from 4 MPa to 70 MPa. The stresses in the PI vary from 40 MPa to 65 MPa. 

Summary 

In table 4.5 the stresses during the 3 simulations are related to the yield stress. 
The stress in the PI on PI impact is relatively the lowest, therefore a PI on PI impact will be 
used to stop the steel bullet in a further design. 
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(b) Stresses in two impacting disks made of Pl. 

Figure 4.20: Stresses in two impacting disks made of PI. Figure 4.20(a) shows a symmetrical 
stress profile in the PI disks and figure 4.20(b) shows the stress in the steel disk. 

Simulation 1 Simulation 2 Simulation 3 
~ steel 
O"yield 

0,48 - 0,006-0,11 
~PI - 0,46 0,26-0,36 
O"uield 

Table 4.5: Comparison of stresses in simulations 

es in the steel on steel impact are much higher than the stresses in the steel on PI impact 
and the PI on PI impact. The stresses in the PI in the last two experiments are of the same 
order, hut the stress in the steel is lower for the PI on PI impact. The deceleration of the 
steel disc will also be smaller for the PI on PI impact because of the two soft materials that 
come in contact. So for further design on the new shooter a PI on PI impact will be used to 
stop the steel bullet . 

.. 
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4.4.2 Controlling the speed of the bullet 

The shape of the bullet that will be used will resemble figure 4.21, which is very much like a 
thumbtack. 
If the bullet is shot directly at the tape using compressed air the small mass of the bullet 
will make it hard to control the speed of the bullet. Because of the small mass a small stroke 
is needed to accelerate the bullet to the desired speed. Because of the small stroke small 
deviations in the barrel length or friction will result in large deviations in the speed. 
To reduce the deviations in the speed extra mass is added to the bullet, this extra mass has to 
be stopped to. This would result in a larger stop at the end of the stroke. The space available 
is limited because of the confi.guration of the existing setup. Therefore an additional mass is 
added that accelerates with the bullet. The additional mass is stopped a moment before the 
bullet impacts the tape. 
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1 

Figure 4.21: Expected genera! shape of the bullet, it resembles a thumbtack. 

4.4.3 Direct impact design I 

A new design is made based on the requirements that where found in the previous sections. 
This new shooter will use the direct impact concept and will be called DID-1, short for Direct 
Impact Design 1. The bullet is stopped by a PI on PI impact and an extra mass is added to 
the bullet to control the velocity. This design can be seen in figure 4.22. 
Figures 4.23 and 4.24 show the parts of DID-1. In table 4.6 the part numbers shown in figures 
4.23 and 4.24 with the part names and materials are shown. 
Figure 4.24 is zoomed in on the punch. 
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Figure 4.22: Model of DID-I 

Part number Part name Part material 
1 barrel steel 
2 bullet PI 
3 cover PI 
4 punch steel 
5 stopl PI 
6 stop2 PI 

Table 4.6: Part numbers, names and materials of DID-I 

Figure 4.23: Model of the new shooter 
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Figure 4.24: Model of DID-I zoomed on the "thumbtack" 
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Working principle of DID-1 

DID-I functions as follows. In rest the bullet is resting on the bottom of the barrel and the 
punch is resting on top of the bullet. Stopl is attached to the punch and stop2 is fixed to the 
top end of the barrel. The cover is glued to the bullet, so the punch and stopl are enclosed 
in the space between the cover and the bullet. The punch has approximately 0,5 mm space 
to move in a vertical direction. 
The bullet with the punch resting in it is shot upward using compressed air and reaches a 
speed of 10 m/s before the bullet impacts on stop2. After impact of the bullet on stop2 the 
punch with stopl attached will continue moving upward. This is clone to make sure only the 
mass of the punch impacts with the tape and not the large mass of the bullet. The smaller 
mass will have a smaller risk of penetrating the tape. At a certain point the tip of the punch 
will impact with the tape with adhesive on it after which the adhesive breaks and flies away. 
After the impact with the tape the punch is stopped when stopl impacts with the cover. 
In this design the punch is shot with a well determined speed, because of the large mass of 
the bullet. The punch is made of steel to create a high acceleration on the tape with as little 
wear to the punch as is possible. Both the impact of the bullet and stop2 and stopl with the 
cover are impacts between soft and light materials (PI). By using soft and light materials the 
impact energy can be spread out over a larger volume of material which decreases the stress 
that occurs. 
Figure 4.25(a) shows a FEM model of DID-I and figure 4.25(b) shows the same figure, but 
zoomed in on the punch. In reality the cover and the bullet are glued together enclosing the 
punch. Because modeling the adhesive is very difficult the part of the bullet that is put inside 
the cover is not modeled and the cover and bullet are made of one piece. And it is assumed 
that the effect of gluing them together can be neglected. 

' .... --

(a) FEM model of DID-1. 

' .... --

(b) FEM model of DID-1 zoomed on the "thumb
tack". 

Figure 4.25: FEM model of DID-I. 

The stresses that occur during a shot at 10 m/s can be seen in figure 4.26. 
Figure 4.26(a) shows the maximum stress in the punch, this is without an impact with the 
tape, the stresses due to impact with the tape will be modeled later. The maximum stress 
is 97 MPa, which is well within the limits of the steel. Figure 4.26(b) shows the maximum 
stress at the contact between the cover and stop2. The maximum stress that occurs is 86 
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(a) Maximum stress in the punch. (b) Maximum stress at contact be- (c) Maximum stress at contact be-
tween cover and stop2. tween cover and stopl. 

Figure 4.26: Stresses in DID-I. 

MPa. Figure 4.26(c) shows the maximum stress at the contact between the cover and stopl, 
the maximum stress that occurs in this impact is 81 MPa. 
In the production fase of D1D-1 it became clear that this shooter was to hard to produce and 
the design was altered to DID-II. A drawing of DID-II can be seen in figure 4.27(a) and more 
zoomed in on the punch in figure 4.27(b). 

(a) Model of the made shooter. (b) Model of the made shooter zoomed in on the 
"thumbtack". 

Figure 4.27: FEM model of the new shooter. 

Table 4.7 shows the part numbers, names and materials of the parts shown in in figure 4.27. 

Part number Part name Part material 
1 barrel brass 
2 bullet PC 
3 cover steel 
4 holder aluminium 
5 stop PC 
6 punch steel 

Table 4. 7: Part numbers, names and materials 

The working DID-II is quite similar to that DID-1. The bullet with the punch on top of 
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it is driven upward using compressed air. The bullet is stopped with the stop after which 
the punch continues moving upward hits the tape and is stopped by the cover. The main 
difference is the contact between the cover and the punch, this is a steel on steel contact 
instead of PI-PI. The stresses in the punch are higher than in DID-I, see figure 4.28. The 
maximum stress in the punch is approximately 1000 MPa, instead of 97 MPa. This will cause 
a shortening of the lifespan. 
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Figure 4.28: Stresses in the made model 

With this shooter some preliminary tests where done and it quickly became clear that the 
punch was a weak point. The punch bend and the guidance of the punch was bad. This 
resulted in situations as in figure 4.29 
It was decided to alter the design again and to use a punch that was attached to the bullet, 
DID-III. Now there is only one part moving in the barrel instead of two. Figure 4.30 shows 
the bullet with the punch. The acceleration of the tape should not be affected by this, because 
the impact speed and materials remain unchanged. 
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Figure 4.29: The bend punch, the punch is bend due to the bad guidance. 

Figure 4.30: The bullet with the needle attached to it. This design is more robust and doesn't 
bend during the impact. 
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4.5 Conclusion 

In this chapter a new shooter has been designed on basis of an analysis of the indirect shooter 
with the thin anvil. The design is a direct impact shooter with a steel punch which is stopped 
by a PI-PI contact. Production of the designed resulted in a shooter that was different 
from the original design, hut with comparable shooting abilities. During preliminary tests 
it became clear that the shooter had some weak points and the shooter was altered. The 
eventual shooter consists of a PC bullet with a steel punch attached to it. The PC bullet is 
stopped by a PC stopring. 

4.6 List of symbols 

Symbol Description Unit 
(j stress in rod Pa 
A cross section area of rod m2 

x speed m/s 
p mass density kg/m3 

co speed of sound m/s 
E youngs modulus Pa 
€ strain -
€ strain rate 1/s 
x acceleration m/s2 

<iyield yield strength Pa 
Vmax maximum elastic impact speed m/s 



Chapter 5 

Experiments 

In this chapter experiments are clone with the indirect impact shooter with the thin anvil and 
with DID-III to validate the fragmentation theory and to test the shooter DID-III. 
Simulations showed that DID-III should perform just as well as the original shooter at a 
speed of approximately 10 m/s. The first step in testing DID-III is checking if a speed of 
approximately 10 m/s is reached, if this is not the case this will have to be corrected. 

5.1 Measuring and correcting the speed of the bullet in the 
new shooter. 

The speed of the new shooter is measured using the Olympus 1-speed 2 high speed camera. 
The exiting speed of the shooter was measured at 4 different pressure levels in the barrel, 2, 
4, 6 and 8 bar. At each pressure level 5 tests where clone and the mean bullet speed was 
calculated, see table 5.1. 

Pressure level in barrel Mean speed 
2,0 bar 2,9 m/s 
4,0 bar 3,2 m/s 
6,0 bar 3,9 m/s 
8,0 bar 4,5 m/s 

Table 5.1: Pressure in barrel and mean speed of the bullet 

The maximum speed of the bullet is approximately 4,5 m/s at 8,0 bar. This is half the speed 
the shooter has been designed for, there can be several reasons for this. 

• There is friction between the bullet and the barrel. 

• The tube leading to the valve is restricted. 

• The tube from the valve to the barrel is restricted. 

• The valve is restricted. 
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If the bullet is run through the barrel by hand it can be noticed that there is very little friction 
between these components, so it is unlikely that this will result in such a large decrease in 
speed. 
If an extra air reservoir is added just before the valve no change in speed can be measured. 
This means that the tube leading to the valve is not restricted. 
For the tube between the valve and the barrel there is no other solution at the moment. 
the bullet should reach a speed of 10 m/s in a stroke of 3,5 mm. The time it takes the bullet 
to travel this stroke can be calculated by substituting: 

Vend = at (5.1) 

in: 
1 

X = -at2 (5.2) 
2 

This results in: 
2x 

(5.3) t=-
Vend 

Wherein Vend is the speed of the bullet at the end of the barrel, a is the acceleration of the 
bullet in, x is the stroke of the bullet and t is the time it takes the bullet to travel from the 
start of the barrel to the end of the barrel. In this case Vend = 10 m/s and x = 3, 5 · 10-3 m, 
which results in t = 0, 7 • 10-3 s. The valve that is used is a valve from Festo type MHE2-
MS1H-3/2O-QS-4-K which can switch from closed to open in approximately 5 ms. Because 
the time the bullet would need to reach a speed of 10 m/s is smaller then the time the valve 
needs to open fully it can be concluded that the valve is a restriction in this system. Because 
no valve could be found that can open in a time below 0, 7 ms no other valve was used. 
The speed of the bullet is increased by shortening the bullet by 10 mm, this decreases the 
mass of the bullet and increases the stroke and travel time. 
The speed of the adjusted bullet is measured, see table 5.2. 

Pressure level in barrel Mean speed 
2,0 bar 6,4 m/s 
4,0 bar 7,2 m/s 
6,0 bar 8,2 m/s 
8,0 bar 8,3 m/s 

Table 5.2: Pressure in barrel and mean speed of the adjusted bullet 

The bullet has a maximum speed of 8,3 m/s, this is considered to be close enough to the 
design speed of 10 m/s. 
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5.2 Experimental setups 

For experimenting with the solidified adhesive from the tape two test setups are made, the 
first is to test with drops on a tape. The second is an adjusted version of the first setup where 
the adhesive is deposited in a film of 10 µm on the tape and liquid nitrogen is used to cool 
the setup. 

5.2.1 Setup 1 

This test setup was made to deposit drops of adhesive on a tape. Because the drop has to 
be positioned exactly above the shooter a surftape is used that is moved in increments of 24 
mm using a pneumatic mechanism, see figure 5.1. 

Figure 5.1: Pneumatic mechanism to move the surftape in increments of 24 mm. The monitor 
in the background is used to check the shape and position of the drops on the tape. 

To make the drops another pneumatic mechanism is used that dips a needle in a reservoir 
with adhesive and then deposits a drop of adhesive on the surftape, see figure 5.2. 
After a drop of adhesive is deposited on the surftape the tape pulling mechanism pulls the 
tape through a cooling block where the adhesive is solidified, see figure 5.3. On the backside 
of the cooling block the shooter is situated and a high speed camera is placed to monitor 
what is happening during a shot. 
The cooling probe used can cool to a temperature of approximately -70 °C. 
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Figure 5.2: Pneumatic mechanism to deposit drops of adhesive on the surftape. The cylinder 
on the right moves the needle up and down, the cylinder on the left moves a little reservoir 
with adhesive under the needle. 
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Figure 5.3: Exit of the cooling block and the shooter. Three stages are used to position the 
shooter under the tape. 
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5.2.2 Setup 2 

This test setup was made to shoot adhesive from a film on a tape. In this setup the drop 
deposit mechanism is replaced with needle and pneumatic dispenser and a k-bar to make 
film of 10 µm thick. The surftape was replaced with a kapton tape which is more resistant 
to extremely low temperatures. To be able to have a larger range of working temperatures 
the cooling block was replaced with a cooling block where liquid nitrogen is used to cool the 
block. The dewar, cooling block and k-bar, see figures 5.4 and 5.5. With the use of liquid 
nitrogen the cooling block can be cooled to a temperature of -180°C. The controller to control 
the the temperature of the cooling block is unstable, it overcompensates if the temperature 
of the cooling block is to high, making the temperature of the cooling block fluctuate over a 
temperature range of 40°C. This is why this test setup is only used at the lowest temperature 
possible which is -180°C. At this setting the temperature of the cooling block only fluctuates 
5°C. 

Figure 5.4: The new cooling block. In this isolated block the liquid nitrogen becomes gaseous 
and cools the film and the adhesive. 
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Figure 5.5: The adhesive film depositing mechanism with a k-bar. A pneumatic dispenser 
is used to dispense adhesive on the tape. The k-bar is rolled over the adhesive, due to the 
profile of the k-bar a film with a thickness of 10 µm is made. 
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5.3 Experiments 

With these setups tests where clone to validate the fragmentation theory and to test the 
DID-111 shooter0 .. 

5.3.1 Experiment 1: Fragmenting drops with the indirect impact shooter 
with the thin anvil 

The first series of tests is shooting drops of adhesive from the surftape with the indirect 
impact shooter with the thin anvil. The adhesive used is EPOTEK 353ND which is a two 
component adhesive which is premixed and stored at a temperature of -40 °C to prevent 
curing. The temperature of the cooling mechanism is set at -70 °C, which is the lowest 
possible temperature for this cooling mechanism. The pressure in the barrel is increased in 
increments of 0,5 bar from 0,5 to 8,0 bar. In the movies made using the high speed camera 
show that at a pressure level of 0,5 bar the adhesive does not fracture, it is shot away in one 
piece, see figure 5.6. When the pressure is increased to 1,0 bar the adhesive fragments. As the 
pressure level in the barrel increases the amount of fragments increases and the fragment size 
decreases. This is proof for a relation between the acceleration of the anvil and the fragment 
size as predicted in section 4.1. When the pressure level in the barrel is increased the speed of 
the fragments also increases. This is caused by the increased speed of the anvil as the speed 
of the bullet increases. This is measured and simulated in chapter 3, see figure 3.9. The top 
angle of the cone wherein the fragments are launched seems to increase if the pressure level 
in the barrel is increased. This was not predicted by any theory or simulation in this report. 
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(a) 0,5 bar t = 0 ms (b) 0,5 bar t = 0,4 ms (c) 0,5 bar t = 0,9 ms 

(d) 2,0 bar t = 0 ms (e) 2,0 bar t = 0, 13 ms (f) 2,0 bar t = 0, 33 ms 

(g) 5,0 bar t = 0 ms (h) 5,0 bar t = 0, 066 ms (i) 5,0 bar t = 0, 13 ms 

(j) 8,0 bar t = 0 ms (k) 8,0 bar t = 0, 066 ms (!) 8,0 bar t = 0, 13 ms 

Figure 5.6: Frames of four shots at different pressure levels in the barrel. As the pressure 
in the barrel is increased the amount of fragments increases and the fragment size decreases. 
As the pressure in the barrel increases the speed of the fragments also increases. At higher 
pressure levels the fragments seem to be scattering over a larger area. 

69 



70 Experiments 

5.3.2 Experiment 2: fragmentation of film and drop with the DID-111 

The second series of experiments is shooting an adhesive, in this case the uvo114, from a 
kapton tape with the DID-111 at a temperature of -180°C. The shooter is unable to break a 
film of adhesive. lt is able to break a drop of adhesive, , see figure 5.7. 

(a) 8,0 bar t = 0 ms (b) 8,0 bar t = 0, 1 ms (c) 8,0 bar t = 0, 3 ms 

Figure 5.7: Frames of a shot with the new shooter at a drop of adhesive on a tape. The 
DID-III is not able to break a film of adhesive, it is able to break a drop. 
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5.3.3 Experiment 3: Experiments with a high thermal conductivity adhe-
sive using the DID-111 

The third series of tests are tests with the adhesive KlO, which is a silver filled adhesive. 
This adhesive has a high thermal conductivity due to the silver filling, this adhesive will heat 
faster than other adhesives. This adhesive also reflects light so it can be seen better with the 
high speed camera. With this adhesive a film was made on a kapton tape. This film could be 
fractured at a temperature of -180 °C using the new shooter. lt is tried to catch fragments of 
the adhesive on a specimen glass, but the fragments are not tacky and bounce of the specimen 
glass. 

(a) 8,0 t = 0, 1 ms (b) 8,0 bar t = 0, 5 ms (c) 8,0 bar t = 0,8 ms 

(d) 8,0 bar t = 1, 1 ms (e) 8,0 bar t = 3,5 ms (f) 8,0 bar t = 4,3 ms 

Figure 5.8: Shot with the new shooter at the klü adhesive which is more brittle, the shooter 
is able to break this film. The adhesive fragments bounce back from the glas on top, they 
are not desolidified. 
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5.4 Conclusions from the tests 

During the experiments several things where noted: 

• A difference was noted in the fracture of film and drops: DID-III is not able to break an 
adhesive film during experiment 2, but is able to break a drop of adhesive in the same 
experiment. 

• The fragment size decreases with increasing power in the shooter: This was noted in 
experiment 1, this is also predicted by the theory. 

• The fragments <lid not heat enough to become tacky and stick to a surface: In exper
iment 3 the particles of adhesive <lid not stick to the specimen glass. The adhesive 
was not hot enough to be tacky. The adhesive used during this test was a good heat 
conductor. The temperature of the surroundings of the cooling block can be too cold 
to effectively heat the adhesive. The traject could also be to short. 

• A difference was noted in the fracture of different adhesives: DID-III is not able to 
fracture the uvo114 adhesive, but was able to fracture the kl0 adhesive under the same 
circumstances. This is due to a difference of the material properties of the adhesives. 

In experiment 2 DID-III was able to break a drop of adhesive on a tape, but was not able 
to break a film of adhesive on a film. This is probably due to a difference in the stresses 
during the impact. Simulations are made to research the influence of film thickness and the 
difference between fracture of a film and drop. 

5.5 Comparison of drops and film on tape and influence of 
tape thickness 

To compare the strain rate, stress and vertical acceleration of a drop on a tape and an adhesive 
film on a tape FEM models are made of a drop with a diameter of 0.2 mm and a film of 10 
µm on a tape. The thickness of the tape is varied. A steel sphere impacts the tape at a speed 
of 10 m/s. To avoid contacting problems during the simulations the adhesive and the tape 
are modeled as one component, they have the same material properties, see table 5.3. 

sphere adhesive/tape 
Youngs modulus in GPa 210 2,4 

Poisson's ratio 0,3 0,3 
Density in kg/ma 7850 1400 

speed of sound in m/s 5200 1300 

Table 5.3: Material properties used in the simulation 

The Von Mises stress of a drop on a 75 µm tape is compared to that of a 10 µm thick film 
on the same tape. Impact is a dynamic occurrence, the stresses will vary in time, in figure 
5.9 the Von Mises stress is displayed at a time which is representing for the typical stress 
situation in that configuration. The stress concentration just above the point of contact is 
typical for a Hertzian contact situation, see figure 5.9. There is a small stress concentration 
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Figure 5.9: The Von Mises stress during the impact on a tape with a drop and a film. There 
is a Hertzian contact stress situation at the contact of the sphere with the tape. The drop 
has a stress concentration at its edge and the film has a stress concentration at the top. 

at the outer edge where the drop is in contact with the tape, see figure 5.9(a). There is a 
stress concentration at the top of the adhesive film, this is probably due to bending, see figure 
5.9(b). 
Figure 5.9 is an indication of how the stresses are distributed in the different configurations. 
Simulations are made with tapes of selected thickness. The stress at the point on the sym
metry axis where the drop or film is in contact with the tape is plotted as a function of time, 
see figures 5.lü(a) and 5.lü(b). 
The stress increases if the thickness of the tape is increased from 5 µm to 20 µm where 
it seems to reach a peak value, see figure 5.lü(a). If the thickness of the tape is increased 
above 20 µm the stress levels decrease. This maximum in the stress levels could be caused 
by the Hertzian contact situation, there is a maximum in the stress concentration at a point 
some distance from the contact area. At a tape thickness of 5 µm and 10 µm the stress 
concentration is in the drop, at 20 µm the stress concentration is near the place where the 
drop is on the tape, and with thicker tapes the stress concentration is in the tape. There is a 
large step in the Von Mises stress for tapes with a thickness of 5µm, 10 µm and 20 µm, see 
figure 5.lü(b). 
For thicker tapes the stress as a function of time is similar to the stress of a drop on tape. 
In the case of a film on tape the peak in the stress and oscillations that seem to take place 
cannot be because the Hertzian stress concentration has moved to a point above the tape, 
they can be caused by a stress concentration that is moving upward through the tape. lt is 
not probable that the oscillations in the thinner tapes are caused by reflections. They are 
to low in frequency and the frequency would decrease if the tape was thicker. The speed of 
sound is 1500 m/s the shockwave will travel 150 µm in 1 · 10-7 s and the frequency should 
be halved if the thickness of the tape in doubled, which is not the case. It can be seen however 
that is takes time for the top of the tape to react to the impact. The reaction of the 150 
µm tape is shifted approximately 1 · 10-7 s compared to the reaction of the 5 µm tape. The 
oscillations that are present in the thinner tapes could be caused by Eigenmodes of the tape. 
In genera! the stresses are higher for a tape with a drop. 
To see which configuration would be able to create the smallest adhesive fragments a plot is 
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Experiments 

Figure 5.10: Von Mises stress at the transition between tape and drop or adhesive film for 
selected tape thicknesses. 
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Figure 5.11: Plots of the strain rate and vertical acceleration for different thicknesses of the 
tape. Each subfigure has a plot for a tape with a drop and a film of adhesive. Note the higher 
strain rate and vertical acceleration of the film. 
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made of the maximum strain rate during collision as a function of the thickness of the tape, 
see figure 5.ll(a). The strain rate for a film on a tape decreases gradually as the thickness 
of the tape increases. The strain rate of the drop on a tape does not decrease gradually but 
seems to have a peak at a value of 10 µm. For values lower then 20 µm the strain rate of the 
film is higher then the strain rate of the drop. For values of 20 µm and larger the difference 
between the strain rate of the drop and film is very small. Figure 5.ll(b) shows the same 
as figure 5.11 (b), but then for the vertical acceleration instead of the strain rate. The larger 
mass of the drop results in a slower system, which decreases the acceleration of the drop when 
compared to the film, this effect is stronger for a thin tape. 

5.5.1 Conclusions 

For fragmentation of solidified adhesive on a tape it is better to use a thin tape. The higher 
stresses in a drop make it easier to break then a film. 

5.6 List of symbols 

Symbol Descript ion Unit 

Vend impact speed of the bullet m/s 
a acceleration of the bullet m/s2 

t travel time s 
X stroke of bullet m 
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Chapter 6 

Conclusions and recommendations 

To be able to use solid deposition of adhesive in micro assembly it must be possible to deposite 
1 nanoliter of adhesive with an accuracy of 100 µm. A drop with a diameter of 100 µm needs 
a too long trajectory to heat, making it difficult to aim it accurately. Small drops heat faster, 
therefore the research was focused on the fragmentation solidified adhesive on tape. This 
fragmentation is done from a film on the tape, because it is easier to make a uniform film 
then uniform drops. 
The size of fragments can be controlled using the strain rate, the size of fragments decreases 
as the strain rate increases. 
A model was made of the thick shooter using the FEM software LS-DYNA. This model was 
verified by comparing it to the results of tests with a laser vibrometer. The model is found 
to be valid, so LS-DYNA can be used in the further design of a new shooter. 
Using LS-DYNA specifications where made to which a new shooter should comply. The 
acceleration at the bottom side of the tape must be at least 1 -109m/s2 to be able to produce 
the same size of fragments as the existing shooter. For a langer life span the stresses should 
be kept as low as possible. The first peak in the acceleration must be the highest to make 
sure the acceleration at which the adhesive fractures is known. 
Simulations using LS-DYNA showed that it is not possible to use focused acoustic waves to 
fragment the adhesive. The direct impact concept is able to reach the required acceleration 
levels. A design was made and simulated. A shooter was made on basis of the direct impact 
concept. 
Tests where done, using a high speed camera to record and investigate the collision. During 
this test is became clear that a drop is easier to fragment then a film. The fragment size 
decreased with increased impact speed of the bullet. This partially proves the fragmentation 
theory. The fragments where not able to heat enough to become tacky. Fracture differed per 
adhesive type, hence the material properties of the solidified adhesive do have a significant 
impact on the size and amount of fragments. 
Simulations of drops and film on tape showed it is easier to break a drop than a film and the 
tape should be thin to prevent absorption of the impact energy by the tape. 
Overall it is concluded that it is possible to fragment the solidified adhesive, but a lot of 
energy is needed to create small fragments. These fragments will be able to heat fast, hut 
due to their relatively high air resistance they will not fly as high as larger drops. A large 
gradient in the temperature above the cooling block is needed to allow the fragments to heat 
up during their flight upwards. 



78 Conclusions and recommendations 

6.1 Recommendations 

Recommendations for further research on the deposition of solidified adhesive for use in micro 
assembly are: 

• Manipulation of fragments of solidified adhesive using an air stream. 

• Determine the material properties of the solidified adhesive. 

• Make advanced simulations of the fragmentation of the solidified adhesive, for example 
using AUTODYN. 

• Split the fragmentation and deposition in two separate steps. 
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Appendix A 

Eigenmodes of the thick anvil 
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Figure A.l : Eigenmode 1 of the thick anvil, frequency is 35 -103 Hz 
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Figure A.2: Eigenmode 2 of the thick anvil, frequency is 0, 14625 · 106 Hz 
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Figure A.3: Eigenmode 3 of the thick anvil, frequency is 0, 22568 · 106 Hz 
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Figure A.4: Eigenmode 4 of the thick anvil, frequency is 0, 24330 • 106 Hz 
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Figure A.5: Eigenmode 5 of the thick anvil, frequency is 0, 27430 -106 Hz 
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Figure A.6: Eigenmode 6 of the thick anvil, frequency is 0, 29835 • 106 Hz 
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Figure A. 7: Eigenmode 7 of the thick anvil, frequency is 0, 35601 • 106 Hz 
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Figure A.8: Eigenmode 8 of the thick anvil, frequency is 0, 41831 · 106 Hz 
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Figure A.9: Eigenmode 9 of the thick anvil, frequency is 0, 48960 · 106 Hz 
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Figure A.10: Eigenmode 10 of the thick anvil, frequency is 0, 50529 -106 Hz 



Appendix B 

Drawings of the shooting 
mechanism 

B.1 Drawing of the thick anvil 
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Figure B.l: Drawing of the thick anvil 
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B.2 Drawing of the thin anvil 
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Figure B.2: Drawing of the thin anvil 



B.3 Drawing of the pin shooter 

B.3 Drawing of the pin shooter 
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Figure B.3: Drawing of the pin shooter 
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Appendix C 

Working principle of a 
laservibrometer 

The working principle of a laservibrometer is as follows [6]: A laservibrometer is based on the 
principle of the detection of the Doppler shift of coherent laser light, that is scattered from a 
small area of the test object. The object scatters or reflects light from the laser beam and the 
Doppler frequency shift is used to measure the component of velocity which lies along the axis 
of the laser beam. As the laser light has a very high frequency n ( approx. 4, 74 -1014 Hz), a 
direct demodulation of the light is not possible. An optical interferometer is therefore used 
to mix the scattered light coherently with a reference beam. The photo detector measures 
the intensity of the mixed light whose (beat) frequency is equal to the difference frequency 
between the reference and the measurement beam. Such an arrangement can be a Michelson 
interferometer as shown in figure C .1. 
A laser beam is divided at a beam splitter into a measurement beam and a reference beam 
which propagates in the arms of the interferometer. The distances the light travels between 
the beam splitter and each reflector are xn and XM for the reference mirror Mand object 0 
respectively. 
The corresponding optica! phases of the beams in the interferometer are: 
reference: 

measurement: 

<l>M = 2kxM 

(C.l) 

(C.2) 

with k = 21r(>... <I>(t) is usually defined as: <I>(t) = <I>R - <l>M. The photo detector measures 
the time dependent intensity J(t) at the point where the measurement and reference beams 
interfere. 

(C.3) 

Where In and lM are the intensities of the reference and measurement beams, Kis a mixing 
efficiency coefficient and R is the effective reflectivity of the surface. 
The phase tl>= 21rb..L/>.. where b..L is the vibrational displacement of the object and>.. the 
wavelength of the laser light. 
If b..L changes continuously the light intensity I ( t) varies in a periodic manner. A phase 
change tl> of 21r corresponds toa displacement b..L of >../2 see figure C.2. 
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Figure C.1: Scheme of Michelson interferometer 
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Figure C.2: Intensity change for varying phase shift 
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The rate of change of phase <I> is proportional to the rate of change of position which is the 
vibrational velocity v of the surface. This leads to formula for the Doppler frequency fn: 

fn = 2v/>. (C.4) 

Due to the sinusoidal nature of the detector signal, the direction of the vibration is ambiguous. 
There are two ways to introduce a directional sensitivity: 
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• Solution 1: Introduction of an optical frequency shift into one arm of the interferometer 
to obtain a virtual velocity offset. 

• Adding polarization components and an additional photo receiver in such a way, that 
at the interferometer output a second homodyne signa! occurs being in quadrature to 
the primary photodetector output. 

The most common form is the first solution. An acousto optie modulator ( Bragg cell) is 
incorporated into one arm of the interferometer. The Bragg cell is driven at frequencies of 
40 MHz or higher and generates a carrier signa! at the RF drive (center) frequency. The 
movement of the object frequency modulates the carrier signa!. The signed object velocity 
determines sign and amount of frequency deviation with respect to the center frequency f B. 

This type of interferometer is called heterodyne interferometer, see figure C.3 

Laser 
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Quartz 
occilator 
(40 MHz) 

Q 

Mirror M 

/ 

Photodetector 

Optical beam 
splitter 

0 ... e 
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Figure C.3: Diagram of a heterodyne rnichelson interferometer 

With the introduction of a shift frequency fs the intensity at the detector changes to: 

(C.5) 

The heterodyne solution ha.s significant advantages. As only high frequency AC signals are 
transmitted there is no disturbance from hum and noise, introduced from all types of power 
supplies. Nonlinear effects of the photo detector as well as of all signa! pre-processing stages 
do not affect the integrity of the Doppler modulation content. The high efficiency of the 
Bragg cells used produce less losses than the polarizers needed for solution 2. 
The second solution known as the quadrature homodyne interferometer can be designed by 
adding wave retardation plates, a polarizing beamsplitter and a second detector for example 
as in the optica! system as shown in figure C.4. 
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Figure C.4: Diagram of a quadrature interferometer 

The interferometer uses an linear polarized laser oriented to give a 45°polarization state. The 
light in the reference arm passes twice through the eighth wave retardation plate and the 
light coming back to the beamsplitter BS is circularly polarized. This can be described as 
the vector sum of two orthogonal polarization states. A polarizing beamsplitter PBS placed 
in front of the detectors 1 and 2 separates the two orthogonal components. The result is a 
quadrature relationship at the detectors ( sine and eosine output). A quadrature homodyne 
interferometer is much easier to design as simple low frequency photodetectors and amplifiers 
can be used. The nonlinear behavior of these elements on the other hand causes harmonie 
distortions of the measurement signa!. 
To decode signals from homodyne interferometers the base band signals of both detector chains 
are fed into a modulator block which generates a modulated RF carrier with the help of an 
oscillator at the frequency fs- For signa! decoding one can process the phase to produce a 
displacement output or carry out an FM demodulation to provide the vibrational velocity. 



Appendix D 

Optimization of frustum design 
with selected materials 

In this appendix the frustum design is optimized for 4 selected materials. 

D.1 Optimization of a steel frustum 

The optimization of a steel frustum is started by varying the length of the frustum, the radius 
of the support edge is chosen to be 20 mm at first. 
If the length of the steel frustum is made greater than 10 mm no real improvement is made in 
the shape of the acceleration profile at the top, see figure D.l. Now the length of the frustum 
is taken to be 10 mm and the diameter of the support edge is varied to determine its optimum 
size see figure D. 2. 
The frustum with the support edge of 20 mm has the least noise, see figure D.2. The config
uration of the frustum with a length of 10 mm and a support edge with a radius of 20 mm is 
considered to be close to optimum. 
The maximum stress that occurs during this impact is 870 MPa, which is about 1.34 times 
the Yield stress, see figure D.3. 
The maximum acceleration of this shooter is 4 -107 m/s2 . 
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Figure D.l: Acceleration versus time for steel frusta of different length. 
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(a) plot of the acceleration versus (b) plot of the acceleration versus (c) plot of the acceleration versus 
time for steel frustum with a length time for steel frustum with a length time for steel frustum with a length 
of 10 mm and an edge of 2 mm of 10 mm and an edge of 5 mm of 10 mm and an edge of 10 mm 

(d) plot of the acceleration versus (e) plot of the acceleration versus 
time for steel frustum with a length time for steel frustum with a length 
of 10 mm and an edge of 15 mm of 10 mm and an edge of 20 mm 

Figure D.2: Acceleration versus time for steel frusta with a length of 10 mm with different 
edge diameters. 
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Figure D.3: Von Mises stress during impact on steel 
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D.2 Optimization of an aluminium frustum 

The optimization of the aluminium frustum and bullet is done in approximately the same 
way. First the acceleration plots are made with varying length of the frustum. The bullet 
speed is 14,5 m/s . 
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(b) plot of the acceleration versus time for alu
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(d) plot of the acceleration versus time for alu
minium frustum with a length of 20 mm 

Figure D.4: Acceleration versus time _for aluminium frusta of different length. 

The acceleration of the aluminium frustum of 5 mm is larger than the acceleration of the 
langer frusta, but it also contains more noise, see figure D.4. The maximum acceleration for 
these aluminium frusta is 4-107 m/s2. The maximum von Mises stress is about 280 MPa, 
which is about 1,4 time the Yield stress, see figure D.5. 
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Figure D.5: Von Mises stress during impact on aluminium 
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D.3 Optimization of a polyimide frustum 

The acceleration versus time plots for a polyimide frustum can be seen in figure D.6. Since 
acoustic waves propagate significantly slower in polyimide than in steel and aluminium the 
simulated time is increased from 15 µs to 50 µs. The impact speed is again Vmax• 
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(b) plot of the acceleration versus time for a 
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(d) plot of the acceleration versus time for a 
polyimide frustum with a length of 20 mm 

Figure D.6: Acceleration versus time for polyimide frusta of different length. 

Increasing the length of the frustum will result in some improvement in the acceleration 
profile, the acceleration that is reached is 1-108 m/s2 which is about 2,5 times larger than 
the acceleration in the aluminium and steel frusta, see figure D.6. However the acceleration 
is also a factor 10 smaller than the wanted acceleration of 1-109 m/s2 . The maximum von 
Mises stresses is 215 MPa, Which is about 1,4 times the yield stress, see figure D.7. 
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Figure D.7: Von Mises stress during impact on polyimide 
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D.4 Optimization of a tungsten carbide frustum 

The same analyses is carried out for a tungsten carbide frustum and bullet, see figure D.8 . 
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(d) plot of the acceleration versus time for a 
tungsten carbide frustum with a length of 20 
mm 

Figure D.8: Acceleration versus time for tungsten carbide frusta of different length. 

There is less noise in the signal with increasing length of the frustum, see figure D.8. The 
maximum acceleration is 6 • 107 m/s2 . The maximum stress the occurs during this impact is 
about 2600 MPa, which is 1,35 times the Yield stress, see figure D.9 
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D.4 Optimization of a tungsten carbide frustum 

NOOAL BOLtrrION 

STEP•l 
SUIi •31 
TI>a:• . 899E-06 
SEQV (AVG) 
IIIX •.178E-04 
SMX • .264E+10 

. 2 931 +09 
LS-OYNA U9er i nput 

. 1761 +10 . 2 3Ss+10 
. 2051+10 . 2 641+10 

Figure D.9: Von Mises stress during impact on tungsten carbide 
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