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Abstract

Lunar dust is a powdery substance attached to the surface of the moon. Because of
the adhesion and electrostatic properties, lunar dust stands a good chance of being
deposited on the lunar probe. Also, some of the lunar dust may get into the clearances of
mechanisms and cause problems such as jamming of devices and clogging of
mechanisms. In the commonly used contact mechanics model, the particles are
simplified as smooth homogeneous spherical particles. Therefore, the contact
characteristics of irregular lunar dust particles cannot be depicted reasonably using the
model. In this thesis, the existing contact model is improved based on the properties of
lunar dust particles and a new shape-based contact mechanical model is proposed to
research on the influence of lunar dust particles on joint kinematics.

The limitations of contact mechanics model is analyzed after considering the
irregular shape of lunar dust particles, based on which the shape modeling of fractal
theory and Fourier theory is conducted and a new shape-based mathematical model is
established using Fourier series. In addition, the image acquisition is conducted to
acquire the 2D projection profile image of lunar simulant, and the probability model of
shape distribution is obtained by picture processing and statistical method.

After establishing a new shape description model, the contact mechanics model of
irregular lunar dust particles based on shape descriptors is also proposed. Meanwhile,
the compression test of lunar dust particles is carried out to validate the improved model.
Besides, the precise equivalent algorithm based on polynomial fitting and the
approximately equivalent algorithm based on piecewise function fitting are proposed in
order to simplify the modeling process of irregular particles. Also, a plug-in model is
written by discrete element software EDEM to verify the reliability of the algorithm.

To simulate the influence of lunar dust particles on joint kinematics, a large
number of particles are generated in accordance with the shape probability distribution
of lunar simulant. Also, the wheel burying test is carried out to verify the accuracy of
simulation results. Moreover, an integrated simulation is conducted to predict whether
factors such as eccentricity, speed and mating surface roughness have impact on joint
kinematics so that reasonable proposal can be proposed to optimize the design of lunar
probe in the future.

Keywords: lunar dust particles, mechanics model, discrete element, irregular shape
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ASF U UK S5 — B — T [ /N B R AL R, RV I 2 A8 A SEBURT AR I TR 14 25
A, N
|nﬂbm—4z+®a]=%%mpﬂaﬁ+K (2-19)

-19-



RSSOy = B 7 e 2 AT

B, 15

In(27ri—4i+4)+Ina:%ln(ml)+ D,Ina+K (2-20)

HOW TR, B4R D, =1,

S DA E VAT DU, AT AR, (R R R R, A
R HEATAE B A 4/, SRS S TR 5 R KBS, (L0 B MR o
BB, AT R AR R A

[RURE M, L FF 18 L 2 MOt B ARG R AT TR T BE, 1AM 2R S B0
SR A B BB B p 6 T BURIH B AR 2% 557K 7 5 £ 0 B B B 2, %
FH, wLlEF]

p=a (2-21)
XA, AT
p=~/a?cos’ 0 +b?sin’ 0 (2-22)
Rt 25 A RAAN(2-22), 15
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(O, y,) > TR A B i 450 B H AL 5 4 e g

(2-30)

C D
] 2-21 A K ORE AAFR AR 8 7 7= P
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Wi, W 2-21 R, 45 A STERPIRERME S, G, FIFTAISAH E % f
FES B SR 5 M AR e, 0 S 2 AR(2-83) I3 AT A
Be, ERAR LR (2-34), T AR A TR B ME A, o H AT
3o, SRR — SR 2 A (- 33) T ALk A 2 A (2-34), T
AR M T DL R kP B2, BN 2-20 G B L %
HOBT AR A ML (X Yo )« ST SO B A AL AL 25
BB AR 5 M AR R R (2-38), 131 A 07 6 f
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R FHEC B 5 BB RGN AR g ——%F B R BRAR ek B, K 3R s i 7 A 20T AR AR
ARNHATIZH; BTk, T 2 R Bod AT B AR, B X e ET DA
SEIRIFHU) 2 R AN % AR ) U 2 AR, R TR AR, K
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# 4-1 HAEWFE 1250 E
b et Fef R PR (x10° Pa)  BURLAT & 40 EE(%)

Particle 1 0.1 2.06 23.07
Particle 2 0.2 2.14 18.30
Particle 3 0.3 2.23 1451
Particle 4 0.4 2.31 11.46
Particle 5 0.5 2.39 9.09
Particle 6 0.6 2.47 7.20
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b [ 9 AME IS SCHR, 5225 S0 ARSI BT 7T, W 2 B BOo 0 URTREL 5
JUAAAE I ZHnk 4-3 Fios.
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.-
function particle(p,q) %p ARG AF AL, g B H it
A=imread(p); %ok HUMURLAT-fih 2% 42 G5 IS
A=rgh2gray(A): %ENR —{EAL b 2]
[y1x1]=find(A==1); %EEL R, x1. yl AFIHE
n=length(x1); YR mAE LK
yc=sum(y1)/n; %I Lo A AR SR HL
xc=sum(x1)/n;
delta_y=0.2; %I E X Fly J LX) oV iR 2
delta_x=10;
m=1; % & ST AR S W R A VIS DlAs Il &

for alpha=0*pi/180:pi/360:2*pi
T=[cos(alpha) -sin(alpha); sin(alpha) cos(alpha)]*[1 0 -xc; 0 1 -yc];

O [ TV A% 4 o
E(1,1:n)=1;
A=T*[x1y1'E],
x=A(1,)); Yo% i J ) A AR
y=A(2,);
X=zeros(1,2):Y=zeros(1,2): % & LA 1x2 HE M T A7 e /M A
X(1)=x(1);Y(1)=y(1); Yo fR AL b B 51 HH (1) B — mi A B/ IME A
j=1; %j AR AT B/ AN
N=[1 0]; %€ X A% B/ IME s AR RS A 75
for i=2:n %24 Hi e A FE alpha R Y S8R

if abs(y(i)-Y(1))<delta_y

if abs(x(i)-X(1))<delta_x
X(D)=x();
N(1)=i;

else
X(2)=x(i);
Y(2)=y(i);
N(2)=i;
1=2;
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else

end
end

end

if y(i)<Y(1)
X=zeros(1,2); BT ] Fe T
Y=zeros(1,2);
X(1)=x(i); %o =14 H Fe /IMEL R BTN AT A% 7]
Y(2)=y(i);
=1
N(2)=i;
end

if j==2 && (m==1||abs(y(N(1))-Y1(m-1))>2)

for 1=1:2

X1(m)=x(N(1));
X2(m)=x(N(2));
Y1(m)=y(N(1));
Y2(m)=y(N(2));
alpha_1(m)=alpha;

k=1;

if N(I)<=20 % PR & Hiah A T
M=1;

else
M=N(1)-20;

end

for i=M:N(1)+20
if abs(y1(i)-yL(N(I)))<5

x2(1,k)=x1(i);
y2(1.k)=y1(i);
k=k+1;
end
end
E2(1,1:k-1)=1; %okE BT o AR FRFEAL BB AL bR 22 N

A2=T*[x2(1,));y2(1,:);E2];
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x2(1,:)=A2(1,);
y2(1,:)=A2(2,2);
R(l)=curvature(x2(1,:),y2(l,:),x(N(D)));
end
function RO=curvature( X,y,x0 )

yl=polyfit(x,y,2); %RH 2 fr 2o AT E
syms x f(x) kR
f(x)=poly2sym(y1); %A\ & R EHE PRI 75 R B Rk
k=abs(diff(f(x),2))/(1+diff(f(x))"2)"1.5;
% it SR A X

R=1/k;
RO=double(subs(R,x0)): %S HI A R A ik
end
BEAT B AR N V) A A2 LEAIY) R S TR O A A -
if R(1)<R(2)

Ratio(m)=R(1)/R(2);
else

Ratio(m)=R(2)/R(1); Yok il 42 2 LU PR e 7E(0,1) X (/] 4

d1=sqrt(X(1)"2+Y(1)"2);
d2=sqrt(X(2)"2+Y (2)"2);
d12=sgrt((X(1)-X(2)"2+(Y(1)-Y(2))"2);
beta(m)=acos((d2"2+d172-d12"2)/(2*d1*d2));
YosREXH V) i 5 I 0 iE LRI, BT rad
m=m-+1,
end
Title={"¥ 1", K 1", FAR LY,
Data=[alpha_1*180/pi,beta’,Ratio]; %/ X ¥4l E X
[row_T,column]=size(Title);
[row_D,column]=size(Data);
Output=cell(row_T+row_D,column);
Output(1:row_T,:)=Title;
Data2=num2cell(Data);
Output(row_T+1:row_T+row_D,:)=Data2;
xlIswrite(g,Output); Yout S 4 H it
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a=-100:120;
alpha_1*180/pi
for c=1:m-1;
b=(Y1(c)-Y2(c))/(X1(c)-X2(c))*(a-X1(c))+Y1(c);
%) 2 7 FE K HL

T_1=[cos(alpha_1(c)) -sin(alpha_1(c));
sin(alpha_1(c)) cos(alpha_1(c))]*[1 0 -xc; 0 1 -yc];

A 1=T 1*[x1,y1l;E];

al=A_1(1,);
b1=A_1(2,?);
subplot(2,ceil((m-1)/2),c) % K15 2

plot(al,bl,.',a,b,X1(c),Y1(c),™" X2(c),Y2(c),'p)
grid on
set(gca,'DataAspectRatio’, [1 1 1])
end
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