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Characterization of metallic adhesion

Goal

Estimate the adhesive impulse at the separation of
two metallic surfaces

In the literature, the techniques are based on:
» Static measure of adhesion force
» Low residual preload and separation velocities
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The proposed technique exploits the multi-mode response of the sensing body
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Novelty

» Technique relies on independent observables
» Impulse time duration is also estimated
» Focus on the impulse developed by the adhesion force

I

Prediction of the momentum acquired by a body released into free-fall

| E. Dalla Ricca, October 2nd, 2024, Trento



On-ground testing

Performed tests applying different
preload:

» Needles moved toward the TM
» Tip pushed towards the TM
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Dynamic modeling

Motion of a linear elastic plate body subjected to a force:

w(x,y,t) = Z Win (X, ¥)dm(t)

m=1

w(0,0,t) & ayg(t) + a5 (t) + a3a5(t) + aaqa(t) where oy, = Wy, (0,0)

Each modal coordinate obeys the differential equation of a simple oscillator:

Qm(t)
b

given gm(0) = ZZE:;O)

A (t) + widm(t) = and ¢g/,(0) =0

4

Each mode represents an independent dynamical system whose steady-state vibrations
represent our measurement technique
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Dynamic modeling: forces and initial conditios

Needles: one-sided preloaded spring Adhesion: squared sine’
) us | i t
frai(t) = §cos(wpt)(1— H(t — 37-)) fip(t) = Zsin*(Z)H(t)(1 — H(t — 7))
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z g 100
2 S 50
3 3
0 0|
[ 200 400 600 0 5 10 15
Time (us) Time (us)
Modal projection of the forces: an(0) = Q(©) = Qmes(0) = Ar2(0) — Qmao(©)
m a b w?
Qmitip(t) = | Win(%, ¥)feip(t)3(X — Xtip, ¥ — Viip) dXdy = atmtip Feip(t) m=m
’ /5 " ’ " r = _ Qmitip P — Qm ndi g — Qmndl,2 % — Qmndl,3 %
Qm,nai(t) = /Wm(X, Y)fnat(£)3(X — Xnl,iy ¥ — Yna,i) dxdy = cum,nai faai(t) - b wi,
Js
Qutip(t), Qnat1 (), Qunar,2(t), Q1nar,3()— qo1 —| @' (t) + wiqi(t) = ;',]t
}{”jgg Q2,4ip(t), Q2.nd11 (£), Q2,ndt2(1), Q2,nar,3()— qo,.0 —| @5 (t) + wiqa(t) = Qéi(”
eose — o0 > eoe

'D. Bortoluzzi et al., “Improvements in the measurement of metallic adhesion dynamics,” Mechanical Systems and Signal Processing
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Dynamic modeling: tip preload

Analytical model of the TM displacement: Constraints:
z=0 t<to 2,(to) =0
/
2, = Yo + Nt + Yat® + 5t® + Assin(wst) + Bycos(wit) + Azsin(w,t)+ Zg(to) =d
+B,c0s(wst) + Agsin(wst) + B3cos(wst) + Asin(wyt) + Bycos(w,t)  to <t <t Z”(to) p
; =
z; = mt + q + Assin(wyt) + Bycos(wit) + A,sin(w,t) + Bycos(w,t)+ 2,(t) = z5(ty)
+A;sin(wst) + Bcos(wst) + Aysin(w,t) + B,cos(wgt) t <t , ,
Zz(t1) = 23(t1)
7
Z (t1) =
4

Minimization algorithm performed to get estimation of all fitting parameters
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Dynamic modeling: modal parameters

Blocking needles Parameter Value
positions Q. tip 0.636
Q3 tip 0.572
9___,PM center Qg tip -0.925
Q. tip -0.652
QU ndl -0.209
Oz, ndl -0.823
Q3 ndl 0.349
Q4. ndl -0.120
— 4 o.011kg
1st mode | 2nd mode b, o.010kg
. b, o.011kg
b, 0.005kg

v

oo == . s Sy xR Frequency (Hz)  Modes
W 3rd mode a5 1th mode 14700 1st
. = 35700 2nd
2 60 900 3rd
" . V- R 74 300 4th
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Steady-state oscillations amplitude

The technique relies on the amplitude of the steady-state modes oscillations?

Steady-state solution to m—th oscillator: Normalized squared oscillations amplitude:
Am(t) = Amsin(wmt) 4+ Bmcos(wmt)
(A -
— oz Tﬂn = f(l, T, P, Wp, Wm, b, Qm tip, am,ndl)

Oscillation amplitude of the m—th mode:
) ) ) Substituting FEM and fitting parameters and
Cm = Am + Bm initial conditions:

Cﬁ, - O‘rzn,tip f(’7 T) =0

'E. Dalla Ricca et al., “An improved vibration multi mode-based technique for the characterization of metallic adhesion impulses”, AIAA

Journal, 2024
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Experimental results

Hybrid estimation approach: — Taking into account the four detected modes:
» FEM model — oy, by, wny, first guess
. & —aiuf(l,m)=0
> Fit = P, Am, B, W, € ,
. ¢ —aggf(l,T)=0
» Filter — c3, P
i — oz3,ﬁpf(l, T)=0
Ci - i,tipf(l’ T) =0
Contour plot as function of solely impulse amplitude and duration:
8 » Locus of points
g compatible with cZ,
26
g — Istmode » Intersections gives the
ta B ;“: “"’:"' impulse amplitdue I and
s | v mode duration 7
E 2 — 4th mode
» Redundant set of
% s 10 s 20 25 measurement

Duration (ps)

| E. Dalla Ricca, October 2nd, 2024, Trento



Optimal solution

Given two modes (i and j), the solution (1, 7)
is found solving for I and 7:

¢ — aitip (Lry=o0

c}? — aﬁﬁpf(l, TY=0

(‘r’) = (07943, 7,9)év = Q(, 7, V)dv

07

Optimal estimation:

k k
T _ T 2 __ 2 2
I= E Winln o; = E WinTin
n=1 n=1

ot
ow, : koo -1
Vof=| i |=0 Wun=— (> —
: o7 o?
0072 Ln \n=1 "In
oW,
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Conclusions

» Impulse amplitude increases with preload

» Impulse duration not affected by preload

2.50 ° 500mN » Repeatability of the phenomenon at same
o . " preload
e i N O U
g1sf ™ . 300mN Increasing the preload strengthens the adhesive
Y bonds leaving their elongation nearly
2 unaffected
&

Preload Mean adhesion impulse
0.0t ‘ ‘ ‘ ‘ ‘ ‘ 100mN tests  0.45 4+ 0.10kg pms ™"
10 12 14 16 18 20 22

300 mN tests
Duration (us) 500 mN tests

1.16 £ 0.16kgpms™'
2.03 £ 0.26kgpms™’

Momentum transferred to TM due to
adhesion = 10% of LPF momentum requirement
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