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Summary

Janus particles are colloidal particles for which one half of the surface has different attributes than the other half.
One property of a spherical dielectric particle with half of its surface covered by a layer of another dielectric or
metal is that it has a non-uniform scattering pattern when exposed to light. However, the angle with which the
light is shone on the particle has a large effect on the scattering pattern produced. Thus it is important that we
are able to orient these Janus particles.

The orientation can be controlled if we apply an electric field to the particle for example. The movement of
colloidal particles with an electric field is widely studied and this field is called dielectrophoresis. For a Janus
particle, the calculations for the force and torque become complicated. The movement and rotation of these
particles have been studied, however, no analytic solution has been found.

In this report, we derive a semi-analytic description of the force and torque due to an external electric field on
a spherical Janus particle. For this, first the potential due to an external electric field is determined and then
the force and torque are calculated with two methods: the dipole approximation and the Maxwell Stress Tensor
method.

In the dipole approximation, there is no force on the Janus particle. But, there is a torque on the particle in
the dipole approximation. Due to this torque, the Janus particle will orient itself such that its cap points in the
direction perpendicular to the applied field. For the torque calculated with the Maxwell Stress Tensor, we get
a similar result as in the dipole approximation. On the other hand, according to the calculations with the stress
tensor, there is a relatively small force on the particle.

We recommend researching the effect that different parameters have on the agreement between the dipole
approximation and the Maxwell Stress Tensor method. Furthermore, we recommend considering more complex
fields for the rotation of the particle, since there is a constant force on the particle.
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Introduction

Janus particles, named after the Roman god with two faces, are colloidal particles for which one half of the
surface has different attributes (size, geometry, materials etc..) than the other half. In recent years the interest in
Janus particles has grown [1] and lead to the discovery of their specific properties.

One such property is that a spherical dielectric particle with half of its surface covered by a layer of another
dielectric or metal has a non-uniform scattering pattern when exposed to light [2, 3, 4]. However, the angle with
which the light is shone on the particle has a large effect on the scattering pattern produced. Thus it is important
that we are able to orient these Janus particles.

The orientation can be controlled if we apply an electric field to the particle for example. The movement of
colloidal particles with an electric field is widely studied and this field is called dielectrophoresis [5, 6, 7]. For
simpler particle geometries the force and torque can be analytically calculated. Such geometries are spheres,
spheres with concentric shells [6], ellipsoids and ellipsoids with shells [8, 9]. For a Janus particle, those calcula-
tions become more complicated. The movement and rotation of Janus particles have been studied, however, no
analytic solution has been found.

Chen and Jiang (2016) [10] for example experimentally observe the rotation of a Janus particle, but they
approximate the Claussius-Mossotti factor of the Janus particle as the average of the factors of the shell and the
core. On the other hand, Behdani et al. (2021) [11] draw up the full system of equations to find the electric
polarizabillity of the particle but solve it numerically using a FEM Tool such as COMSOL.

The aim of this report is to derive a semi-analytic description of the force and torque due to an external electric
field on a spherical Janus particle. We will do this by first finding the potential due to the external field. For this
we need to solve the Laplace equation for the Janus particle. Then, we will calculate the force and torque with
two methods: the dipole approximation and the Maxwell Stress Tensor method. We implement the calculations
and perform the visualizations of the solutions in Python.

The report has the following structure: In chapter 2 we show the calculations to solve the Laplace equation and
we present the calculations for the force and torque. We treat how the mathematical model is implemented in
Python in chapter 3. The results of the model and their visualizations are shown and discussed in chapter 4.
Finally, we list the key takeaways in chapter 5 along with recommendations for further research.



Theory

Let us consider a spherical Janus particle as shown in Fig. 2.1. It consists of a spherical core of radius a with an
electric permittivity €.. On the northern hemisphere of the core lies a layer with thickness d, this is the shell and
has permittivity e;. We set the coordinate system such that the cap points upwards in the z-direction. Lastly, the
particle is suspended in a medium with permittivity €.

We want to calculate the force and the torque on
the Janus particle due to an external field, to determine
if and how the particle will orient itself. Therefore, Mz
we first need to calculate the potential, @, of the Janus Ee.ax
particle due to the external electric field E,. We first
treat the simpler cases of a spherical particle and a
spherical particle with a full shell. After that, we will
calculate the potential of the Janus particle.

With the potential known, we can calculate the
force and torque on the particle in two ways. First,
we can compute them using the dipole approximation
[7]. That is to identify the effective dipole moment,
Per . from the expression of the potential outside the
particle. We can then calculate the force F and the
torque 7, with rotation point as the center of the core, ooy .
with the following formulas shell (8) medium (m)

F=(pesr-V)E, 2.1
T = Pesy * B 22)

shell (s)

2\

where V is the differential operator, V = (9/dx,9/ay,9/az).

Second, we calculate the force and the torque us-  Figure 2.1: Depiction of the model of the Janus particle. The
ing the Maxwell Stress Tensor method [12]. In this semi-shell is placed on the Northern Hemisphere.
method, the Maxwell Stress Tensor T is integrated
over the surface of the particle. The time-averaged force and torque are thus given by

(F)= f (T-w)dA (2.3)
(1) = y( r# x (F-A)dA, 2.4)
where 71 is the unit vector normal to the surface, r is the radial distance to the rotation point and # is the radial

unit vector.

2.1. Calculation of the potential

Due to the partial spherical symmetry of the systems, we use spherical coordinates (7, 6, ¢) to calculate the
potential. We define r as the radial distance, 6 as the polar angle, 0 < 0 < &, and ¢ as the azimuthal angle,
0 < ¢ <27 as shown in Figure 2.1.
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An electrostatic potential, @, satisfies the Laplace equation everywhere due to the divergence- and curl-free
properties of an electrostatic field. Therefore, ® must satisfy

V2o =0. (2.5)

In the case that there is azimuthal symmetry, the solutions to the Laplace equation in spherical coordinates are
well known, they are of the form [13]

O(r,0)= Y. (Apr" +B,r ") P, (&), (2.6)

n=0

where A, and B, are constants which need to be determined, Pj, is the n-th order Legendre polynomial and we
introduce the notation ¢ = cosf. Because of the azimuthal symmetry, the solution does not depend on ¢.

2.1.1. Spherical particle

We first consider the simplest case of a dielectric spherical particle. The sphere has radius a and is centred around
the origin and it has dielectric permittivity e.. It is suspended in a medium with dielectric permittivity €,,. We
apply an external uniform electric field E, across the particle. Without loss of generality we can assume that the
electric field is oriented in the z-direction, E, = E£. The spherical particle is shown in Figure 2.2a. The potential
corresponding to this field pointing in the z-direction can be written as:

®,=—-E,z=—E,rcosO =—E,rP;({), 2.7)

with P (&) = ¢ = cos() the first order Legendre polynomial. For the spherical particle, we assume that the
solutions inside @, and outside ®,, the sphere are of the form:

O, =®,+B =—-E,rcosf+B

l0} (f) cosf r>a, (2.82)

2
O, = ArP;(¢) = Arcosf r<a. (2.8b)

with A and B two constants. For r — oo the outside solution corresponds with the potential of the applied field
and at r = 0 the inside solution is bounded.

To find the solution we need to use the boundary conditions to solve for the coefficients A and B. There are
two boundary conditions at the boundary r = a. First, the potential needs to be continuous.

O, =b,, r=a,Vo. (2.9)

Second, the normal component of the displacement field, D = ¢ E, must be continuous.

0P 0P
€mEmy =€cEer = €m—0b =€c—, 1 =a,V0. (2.10)
or or
a) z b) Q)
Ee Ee,ax
shell (s), €5 shell (s), €
core (c), €.

core (c), €. core (c), €.

mirrored
shell (8), s .
~ 7’

medium (m), €p, medium (m), €p, medium (m), €, Seo 1. -7

Figure 2.2: An overview of the cases we consider in section 2.1. First we consider a sphere (a), then a sphere with a
concentric shell (b) and finally the Janus particle (c).
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Combining Equations 2.8 with Equations 2.9 and 2.10 we get the following solutions [6]:

3em
A=—-——FE,, 2.11
€c+2€m, ¢ ( 2)
€c—€m 3
=—a'E,. 2.11b
€c+2€m ¢ ( )

The fraction in Equation 2.11b is called the Clausius—Mossotti factor K¢cpy.

2.1.2. Single shelled spherical particle
The next model we consider is that of a spherical particle, with radius a, with a concentric shell around it with
thickness d. The core of the particle has electric permittivity €., the shell of the particle has e; and the medium
has permittivity €,,. In this case, we can also assume to have an external field E, pointing in the z-direction,
E, = E.Z. The single shelled sphere is depicted in Figure 2.2b.

We assume that the solutions are of the following form:

0
<1>m=—Eerc050+BCOZ r>a+d, (2.12a)
r
0
<1>5=Crc0s9+DC(:z a<r<a+d, (2.12b)
@, = Arcosf r<a. (2.12¢)

with A, B, C, D being four constants to determine. We again have that at r — oo the solution corresponds to the
external potential and the solution is bounded at » = 0. The boundary conditions as in Equations 2.9 and 2.10
apply for the boundaries: r = a and r = a + d, which gives us

O, =0,
r=a, Vo : { 20 P (2.13a)
€s Brs =€c 6rc’
;=D
r=a+d, V0: { o a0 (2.13b)
€55y :ema_rm

If we put Equations 2.12 into the boundary conditions we get a system of 4 equations which need to be solved.
In the literature, we can find two solutions to this problem. Jones (1995) [6] gives the following solution:

3em(1-K)(3
Aj=——m 2% g 2.14
T e 2e P -K) ¢ (2-142)
, —
By = %mmf’a, (2.14b)
S m
3€m(3
(o) T Lo R— - 2.14
T e 2e P -K) ¢ (2-140)
3eK(a+d)3
= Xm2ATY g, 2.14d
T 26 ) B -K) ¢ (2-14d)
where { = (a+d)/a=1+d/a, K = (€,—epn)! (€, +2€m,) and
(3+2 €c—€s
¢l = e [e) (2.15)

€c—€s )
G- (ec+2€s)
Here €/, is introduced to simplify the expressions and to put Equation 2.14b in the same form as Equation 2.11b,

to form a different Clausius—Mossotti factor. We can see that the potential outside of a single shelled sphere is
equivalent to the potential outside of a sphere with permittivity €/, and radius a + d.
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However, Turcu et al. (1989) [14] find the following coefficients:

3 3€meEs
€s(ec+2€p) +2R(€m —€5)(€c —€5)
By = €s(€c—€m) — Rem —€5)(€c —€5) (a+ d)gEe, (2.16b)
€s(€c+2€m)+2R (€ —€5)(€c—€5)
3 €m(€c + 2€)
€slec+2€m) +2R (€ —€5)(€c —€5)

Em(€c —€s) 3
= a’E,, 2.16d
€s(€c +2€m) + 2R (€m — €5) (€ — €5) ¢ ( )

Ar = E, (2.16a)

Cr= E., (2.16¢)

Dy

where % = %[1 — 73] was introduced.
Remarkably, these coefficients are not equal to each other. To verify which of these solutions is the correct
solution we can solve the system of equations using Maple. Maple gives the following solutions:

9emes(a+d)?

A _ Ee = A 217

M B -1+ (~203 = e +2(~(3 = Dem)es + 23 — Depme,) ronmw
(=203 +2)€2 + (€0 — 2€m) +2(€c — € 2){ V€5 +{3€cEm —€cEm 6
_ a)°E, =B 2.17b
M B -1+ (—203 = e +2(~(3 = Dem)es + 23 — Depme,) e roe
3(ec +2€e5)em(a+d)’

— E, =C 2.17

M T @ =2+ (~203 = Dec +2(~=( 3 = 2epmes + 23— Deper) v
_ 3

DM 3€m(€C 68) (a + d) aBEe = DT (217d)

- QU3 -2+ (2073 - Ve +2(=(3 = 2)em)es +2(L 3 — Depmee)

Surprisingly, the A, C and D coefficients of the Maple solution are equal to the A, C and D coefficients of the
solution given by Turcu et al. (1989), but the B coefficient is equal to the B coefficient given by Jones (1995). In
appendix C we look at the values of the potential and the displacement field to verify which solution is correct.
We will then compare the correct solution with the solution of our model to check the validity of our model.

2.1.3. Janus particle
We now consider a Janus particle as shown in Figure 2.2¢ in 2D and in Figure 2.1 in 3D. Since the Janus particle
is not completely spherically symmetric, we can not assume that the field is only pointing in the z-direction.
Due to the principle of superposition we can, however, decompose the external field, E,, into a field-oriented
along the z-direction, the axial direction, and into a field-oriented perpendicular to the z-direction, the transverse
direction. Without loss of generality, we can assume that the transverse direction is pointing into the x-direction.
Following the approach developed by Scherbak et al. (2015) [15], we mirror the shell of the particle to the
southern hemisphere, to create a second half-shell. The second half-shell is visualized in Figure 2.2¢ as the dotted
shell indicated by "mirrored shell". This second half-shell has permittivity e;. If we take the permittivity of the
lower shell, €, equal to the permittivity of the medium, €,,, we will get a solution equal to the solution of a Janus
particle. We first consider the case of the external field oriented along the z-direction and after that we consider
the external field in the x-direction.

Janus particle in an axially oriented electric field
The potential function for each region we are considering can be written as

[e.o]
®p= Y Byr "V (&) = Eer Py (§) r>a+d, (2.18a)

n=0

o0
®g= Y [Cur™+Dpr "] P, @) a<r<a+d, 0595%, (2.18b)

n=0

[Cor™ + Dypr= "] P, () asr<a+d, g<957[, (2.18¢)

L
I}
18

N
Il
[=]

A, 1" P, (&) r<a. (2.184d)

S
Il
18

3
Il
[=)
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To find the potential we need to use the boundary conditions to solve for the different coefficients (A;, By, Cy,
Dy, C, and D). We require that the potential, Equation 2.9, and the displacement field, Equation 2.10, are
continuous at the boundaries. Thus, we get the following boundary equations:

D =05
as<r<a+d,0=ml/2: 00 o0 (2.19a)
€539 = €539
O, =0, O; =0,
r=a,0<0<mn/2: 00 o0 r=a,nl2<0<mn: 00; o0 (2.19b)
€s 6rs =€ OrL €53y ~€c 0rL
Qs =0y DO =Dy
r=a+d,0<0<m/2: o0 P r=a+d,n/2<0<m: 5D- P (2.19¢)
€s 6rs =€m Orm’ €3 0rS =€m~7;

First we solve the boundary condition in Equation 2.19a. We do this using the property of the Legendre poly-
nomials that for n odd we have P,(0) = 0 and that for n even we have (d/d6)P,(0) = 0. Putting this into
Equation 2.19a we get:

Cn=1nCh, (2.20a)
Du=1nDn, (2.20b)
with
1 if n even
I _{ esles  if nodd. 2.21)

We now introduce the dimensionless variable p = r/a and coefficients: a, = A,a" YE,, Bn =B, a " E,,
Yn=Cna" '/E, and &, = Dya”"*? | E, to get the following set of equations

o0
Oy =Eea| Yy Pup” "V PO - pP1(O)], (2.22a)
n=0
Os=Eea ) [ynp™ +8np” " V]P0, (2.22b)
n=0
o0
Os=Eea ) [ynp" +8,0" " VInnPu(®), (2.22¢)
n=0
D =Eea) anp"Pp(). (2.22d)
n=0

To solve for the coefficients a,, B, Y, and 6, we insert Equations 2.22 into their respective boundary conditions
in Equations 2.19b and Equations 2.19c. We get the following system of equations; where we use that for r = a
we have p =1 and that for r = a+d we have p=1+d/a={. For r = a we have

Z Yn+8anSOPu© = Y anPn(®), (2.23)
n=0 n=0
Z [nyn—(n+1)8,]essnSVPu(d) = Y nanecPy(). (2.24)
n=0 n=0

Here we write the equations compactly by introducing the sub- and superscripts s and §. We retrieve the equation
for 0 < ¢ <1 by taking s in the sub- and superscripts, where we have that r](s) = 1. The equation for -1 <¢ <0 is
obtained by taking § in the sub- and superscripts and 1](5) is the same 7, as in Equation 2.21.

Similarly, with the same notation, we have for the boundary at r = a+d

Z [+ 25,05 P@) = Y (BB P(E) - P1 () (2.25)
n=0 n=0
Z [(n¢" Yy =+ D28, e SO Pu(© = Y. —(n+ D" Bren Pu(&) —emP1(©). (2.26)

n=0 n=0
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Solving for the coefficients now becomes more difficult, since the Legendre polynomials do not form a complete
seton0<é<lor-1<¢<0.

To solve this problem and to create a system of equations, we cut-off the sums in each equation at N. We
then multiply each equation by P (£), for different values of k ranging from k =0 to k = N. If we do this to the
Equations in 2.23, we get

Z Yn+68n]Pe@Pr(@) = Z A Pr&) P, (&) 0<é<l, 0<k=<N, (2.27)
n=0 =0
N N
Y ¥n+8n]naPe@Pp(@ = Y anPr@Pp(d) -1=¢(<0, 0<ksN. (2.28)
n=0 n=0

Then we integrate over the respective domain of each equation, 0 < ¢ <1 for index s and —1 < ¢ < 0 for in-
dex §. Now we can add the equations of index § to their corresponding equations of index s. Thus by adding
Equation 2.28 to Equation 2.27 we obtain

1 0
[ peora©aen, f IPk(é)Pn(f)df] -

N
= Z al’l
n=0

N
Y [yn+64]
n=0

1 0
fo PLOPRE)dE+ f 1Pk(f)Pn(f)dE] 0<k<N. (2.29)

If we use the property that the P, is an even function for even n and P, is odd for odd n, P, (—x) = (-1)" P, (x),
we get the following

0 1
[ Poop@ac=cv [ popioa (2.30)
We can use this to rewrite Equation 2.29.
N N
Y [Yn+8a)[14+0aD"F Upi = Y an|1+ =D | U,k 0<k<N, (2.31)
n=0 n=0

where we introduce the notation U, ; = fol P, (§) Pi(¢) d¢. These integrals are computed analytically by Kettunen
et al. (2007) [16]. If we also do these steps for Equations 2.24, 2.25 and 2.26, we obtain a system of 4(N +1)
equations, which we can write in matrix form:

A B C Dy a Ry
Ay By Co Dy| (B Ry

= ) 2.32
A3 B3 C3 D3| |y Rs (2.32)
A4 B4 C4 D4 o R4

where @, B, y and é are vectors of length NV + 1 and contain the coefficients for which we want to solve. The
matrix, M, and the vector, R, on the right can be written as:
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A’f":—[1+(—1)”+k Up i Bk =0

AF" = =14 )" | ne U Bf" =0

Akn =0 Bkn=_ [1 + ()|,

Akn =g BF =11+ 1) (n+ e " 2U,, 1

Cchn = [1 + (="K U, Dk = [1+nn(—1)”+k Un

chn = [631 +enn(=1)" | nUy x Dk = —[esl +eann D"k (n+ DU, & 233
G = [14 ()" F|¢ U, DE" = (14 7,1 ¥] -2,

yrek (n+ 1)+ Un i

n(n—l Un,k Dicn == [esl +espNn(— 1)n+k

Cim = [esl +€s2Nn(=1

RF=0

RY=0

RE==[1- DU
Rf:—[l—(—l)’“]emUl,k.

This system of equations can not be solved analytically [15], thus we solve this system numerically to get the
desired coefficients. Finally, we obtain the coefficients C,, and D,, with the relation in Equation 2.20.

Janus particle in a transverse oriented electric field

If we have a field pointing in the x-direction we lose our azimuthal symmetry, so we cannot describe the
potential with Legendre polynomials. But, we can describe them with associated Legendre polynomials P}’
multiplied by cos me. For this report, we use the associated Legendre polynomials without the Condon-Shortley
phase. We can write the potential as:

®,=—-E,x=—E,rsinfcos¢g = —EerPl1 (&) cose. (2.34)

Now the potentials which are expanded in associated Legendre polynomials with a cos¢ dependency are of the
form [16]:

o0

Qp=) B,r~ "V Pl (&) cosp — Eor Pl (&) cose r>a+d, (2.35a)
n=1
X T

D= ) [Cnr"+Dnr7(”+1)]P,11({)cosq) a<r<a+d, 05955, (2.35b)
n=1
S [ A A 7

D= Y [Cur™+Dpr~ "V PL(E) cos asr<a+d, §<05n, (2.35¢)
n=1
o0

D= Apr"PLE) cose r<a. (2.35d)
n=1

To solve for the coefficients we have the same boundary conditions as for the field oriented in the z-direction
(Equations 2.19), where the conditions must also hold for all ¢. Again we first solve the boundary condition
between the two semi-shells. This is done using the property that for the associated Legendre polynomials we
have even values of n, P,11 (0) = 0 and for odd values of n, 6P,1l/66 (0) = 0. Putting this into Equation 2.19a we
obtain

Cn=1,Cn, (2.36a)
Dy =1,Dp, (2.36b)
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with
, { 1 if n even

=Y esles if nodd. (2.37)

To obtain the other coefficients we use the same approach as in the axial case, however we multiply each equation
with P}C (&) for different values of k from k=1 to k = N. Then we integrate over the domain of each equation
and use the property that P/ (—x) = (—1)"*™ P (x) to rewrite f?l P,ll(é*)P}C(f) dé = (—1)”+kf01 P,ll(rf)P}C(E) dé. We
eventually get the same system of equations as in Equation 2.33 only with 7, replaced by ), and U,, . replaced
by Ui' § = L P, (&)P,(¢) d&. These integrals are also computed analytically by Kettunen et al. (2007) [16]. The

system of equations again needs to be solved numerically and we obtain the final coefficients C,, and D,, with
Equation 2.36.

2.2. Calculation of force and torque

We now have defined the potential everywhere. With this information we can calculate the force and torque on
the Janus particle. We use two methods for the calculations. First we use the dipole approximation, this method
reduces the particle to the simpler model of a dipole and these calculations can be done analytically. Second
we use the Maxwell Stress Tensor method, this method is the most rigorous approach to calculate the force and
torque [6], however the calculations have to be done numerically.

2.2.1. Dipole approximation
In an electric field, the particle becomes polarized and
creates a secondary electric field. This induced field

can be approximated by the field of a dipole. The po- Tz

larizability y is a parameter which describes the mag- i v E
nitude of the polarization and is defined as the ratio Rah oY e
between the effective dipole moment and the magni- S

tude of the electric field.

Perr = XEe. (2.38)

To determine the polarizability y we have to con-
sider the potential of a dipole and compare it with the
dipolar term (n = 1) of the series expansion in Equa-
tions 2.18a or 2.35a.

The potential of an electric dipole, which is z-
directed, is of the form [6]

x\/

PefrcOsO
o = (2.39)
4me,r
Figure 2.3: Depiction Janus particle with the field incident

The dipolar term of the series expansion of the axial .
with the angle v.

case is
Dyax = Blp; ©_5 C;’se. (2.40)
r r
Thus we have for the polarizability
Peff.ax = 41€mBlax = 41€m a’ EePr,ax = YaxEe, (2.41)
Peff,ir =4m€mBy, ¢y = 47rema3Eeﬁ1,tr = XtrEe, (2.42)

where pefr ¢ was derived similarly as p,rr,qx, but with the expression of a x-directed dipole.
For a object with a rotational symmetry, around the z-axis, we can write it the effective dipole moment a
more general form [16]:

peff = )_( . Ee, (243)
where the polarizability dyadic is of the form

X = Xor (RR+PP) + xax2Z. (2.44)
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We define the angle v as the angle between the z-axis and the field, as shown in Figure 2.3. Then we can represent
the field as:
E, =[sinvXx+cosvZ|E,. (2.45)

Now we can write the effective dipole moment of the particle as
Peff = [XerSINVE+ x ¢ cosv 2] Ee. (2.46)

Since the field is uniform there is no force on the Janus particle as stated by Equation 2.1. Using Equation 2.2
we can calculate that the torque on the particle is
E2
T= [)(ax—)(n]?esinZVj/. (2.47)

From this equation, we can see that depending on the difference between the axial and the transverse polarizabil-
ity one of v =0 or v = /2 is a stable equilibrium and the other is an unstable equilibrium.

2.2.2. Maxwell Stress Tensor (MST)

In order to compute the force and torque in a different way, we introduce the Maxwell Stress Tensor. This is
defined for any electric field E as [12]

o 1 -
T= e(EE— 5 |E|21) (2.48)

where 1 is the unit tensor and the product of two vectors without a dot denotes the dyadic product.

Before we can calculate the stress tensor we first have to calculate the electric field from the potential. For

spherical coordinates, we have the following formula to calculate the electric field
00, 109 P 1 09,

E=-V®=-——pf—-

or rof  rsind %(p. 249)

We determine the field attached to the potential in its general form, Equation 2.6 and then we can use the coeffi-
cients determined by the model for each area. So we obtain the following field in the axial case:

N
Ef ==Y [nAnr" = (n+1)Bur™ "2 Py 0), (2.502)
n=0
N n
Ef*=)" [Apr™? +Bnr—(”+2)]sin9£2 1[5Pn(f)—Pn—1(<f)], (2.50Db)
n=0 -
E(apx -0, (2.50c)

where we used that (x2 — 1) ddi" = n(xP,(x) — P,—1(x)). The sum stops at N since we only calculated the coeffi-
cients up to N. If the external field is in the transverse direction, we get the following field as a result

N
BV ==Y [nAnr" = (n+ DB, "] PA@) cosg, (2510)
n=0
N 1
EY =Y [Anr" '+ Bur~"*?]sing > 1[an,£(af)—(n+ 1P, (] cose, (2.51b)
n=0 ST
N i —nr21 Pa)
E‘Zr:ngo[A"rn Ly B,r (n+2)]Sinmsm(p, (2.51¢)

where we used the property of the associated Legendre polynomials that:

x* - 1)ﬁ =nxP™(x)— (n+m)P™, (x)
dx - n n—-1 .

We have now calculated the electric field in spherical coordinates. To turn this into a vector field of Cartesian

coordinates we use the following relations:

7 =sinf(cospX +sinpy) + cosbz, (2.52a)
0= cosf(cospXx +singy) —sinbz, (2.52b)
@ = —sin@pX +cospy. (2.52¢)
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If we have an external field of the form as given in Equation 2.45, the resulting field will be the sum of the
field caused by an external field in the axial direction and in the transverse direction.

E =sinvE" + cosvE®. (2.53)

If we plug this into Equation 2.48 we obtain the following:

. 1 . 1 . .
T= e(sin2 v|E"E" - 5 |E*|*T| + cos?v | E** E®* — 5 |E®*|°T| +sinvcosv[E'"E® + E“*E'" — %% . E'T ]|
(2.54)
=sin®vT + cos® v +sinvcosv T oS (2.55)

The stress tensor is thus a sum of the stress tensor related to a field in the axial direction, the tensor related to a
field in the transverse direction and a cross term. We get the following for each individual tensor.

o | BF-E;  2ErE 0 Trr Tro Trp
T“x:%” 2E,Eg —E:+Ej; 0 =| Toy Too Top |- (2.56)
2 _ 2
0 0  -E2-E? Tor Tpo  Tpg
2 _ 2] cye? 2 a2 2 ~
L em [E; — Ej] cos (p—ZE(psm @ , ZzErEg(ZZOS <p2 » ZErE(pS%Il(pCOS(p
TV =— 2E,Egcos® ¢ [~ EF + Ej| cos® p — Eg,sin” ¢ 2EgE,singcos¢
2E,E,singcos¢ 2EgE,singcos¢ —[E2+ E5| cos® o + Ef) sin® ¢
(2.57)
[EX*El" —E§*E} | cosgp  [E§*E[" + Ef*E}"| cosg Ef*Ej) sing
TrosS=¢,, | [EG*EL +EXE) |cosp  [-Ef¥EL" + ES*EL"| cosg E{*E, sing . (2.58)
E*E,) sing E{*E, sing —[Ef¥E[" + E;*E} | cos

In Equations 2.56 and 2.57 we omit the superscript on the field components for readability. In Equation 2.56
we also introduce the general notation for each element of the tensors. In Equations 2.57 and 2.58 we take the
¢ dependence outside of the field components, to simplify the evaluations of the integrals later.

2.2.3. Force and Torque derived from the Maxwell Stress Tensor

The force and torque are calculated by integrating the stress tensor, calculated with the field outside of the surface,
over the surface of the Janus particle. In order to make the calculation clear, we partition the Janus particle into
three distinct surfaces, which are indicated in Figure 2.4.:

1. the spherical dome of the shell, r = a+d, 0 <0 <x/2 and 0 < ¢ < 27, its vector normal to the surface
points is ) = 7.

Figure 2.4: Depiction of the integration surfaces of the Janus particle. The indicated surfaces need to be revolved around the
Zz-axis.
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2. The thin ring at the bottom of the shell, a<sr <a+d, 6 =n/2 and 0 < ¢ < 27m. This surface has normal
vector 7iz = 0.

3. The lower hemisphere of the core, r = a, 1/2 <8 < 7 and 0 < ¢ < 27, which has 7ig = # as its normal
vector.

Because of the linearity of the integral, the dot product and the cross product, we can calculate the torque and
force independently for each component of the tensor. For example, the force due to the field in the axial case is
then calculated as

(Fy =3§(T“"-ﬁ) dA:ff(T“x-f) dA+ff(T‘”‘-é) dA+ff(T‘“‘-f~) dA (2.59)
1 2 3
= (F9) + (F§%) + (F* (2.60)

Force calculations
We consider the integrals over the first and third surfaces together since they have the same normal vector.

<F1,3>:ff (T-f)dA:ff (Trrf+Trgé+T,w¢)stin0d9d(p. 2.61)
1,3 1,3
:ff (T+r[sinB(cos gz +singP) + cosO2] + Trg[cosO(cos X + sing ) —sinHz]
13
+Typ[—sings +cosp]) R*sind dOdep. (2.62)

Above we introduced R for which we have R = a + d for surface 1 and R = a for surface 3. Furthermore, we
expand the unit vectors in spherical coordinates into Cartesian unit vectors with Equations 2.52. For surface 1
we need to integrate 6 from 6 = 0 to 6 = /2 and for surface 3 we need to integrate from 6 = n/2 to 6 = 7.

For the field due to an axial external field, we do not have a ¢ dependence in the tensor. If we integrate over ¢
from ¢ =0 to ¢ = 27, we see that all the terms with cos¢ and sin¢ drop out. Thus we remain with the following

(F{%) = emnR? f (o cosd — T, sinf)sin6 dO 2 (2.63)
1,

=emnR* f ([EZ - E5] cos@ — 2E, Ep sin0) sinf do 2. (2.64)
1,3

For the field due to a transverse external field, each component of the tensor has a sin? ¢, cos? ¢ or sing cos ¢
dependence. We know that the integrals of cos® ¢, cos® @ sing, cos¢sin® ¢ and sin® ¢ from ¢ =0 to ¢ = 27 are
all zero. Thus we can see that all the terms containing X and y drop out and what remains is:

EmT
(Fiy) = 2T R f ([ 2 - B} - B2 ] cos0 — 2B, Eysin6) sin0 d6 2, (2.65)
1,3

where we used that [” cos?pdg = [ sin? pdg = 7.

For the cross-term in the stress tensor, we see that each element of the tensor has a sin¢ or cos ¢ dependence.
Thus now the terms with sin¢, cos¢ and sin¢ cos¢ drop out as a result of the integration over ¢, which are the
y- and z-components. So we remain with

(FET05%) = ¢,y R fl i ([EFELr - E§*EY | sin0 + [Ef*EL" + Ef*EY | cos - Ef“Ely | sin0 d0%.  (2.66)

For the second surface, we have the following

(Fg):ff(T-é)dA:ff(Tgrf‘+T999+Tg(p(iv)rsianrd(p (2.67)
2 2
:ff(Tgr[sine(cos¢£+sin(pf/)+cos€2]+ng[cos6(cos<p£+sin(pj/)—sin92]
2

+Tpy[—sing +cos@P|) rsinbdrde. (2.68)
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Following the same steps as above for each tensor component, we get the following formulas

a+d

(FS%)y = emm f [E2-Ej|rdrs, (2.69)
a
€T a+d .

) =2 fu E2-E3+E2|rdrz, (2.70)
(F5T°%y = e f e ESXE' 4 EAXE!" _EYET\rdr & (2.71)
2 —+m 0 r r 0 0 7] ’ .

a

where we used that @ = m/2. The integrals in Equations 2.64, 2.65, 2.66, 2.69, 2.70 and 2.71 are evaluated
numerically. It might be possible to evaluate the integrals analytically, however, this goes beyond the scope of
this report.

Finally, the expression of the total force on the particle is

(Fy = sin® v(F'"y + cos® v(F®*) + cos v sin v(F¢ 5. (2.72)

Torque calculations
We again treat surfaces 1 and 3 together, so the formula for the torque becomes

(Tra) = ff P x (T-F)dA = ff R x (T, + TroB + Try) 2 sin0 do g 2.73)
1,3 1,3
_ R f f (T8 + T,0) sinb dbdep (2.74)
1,3
=R3 ff (=Trp[cosO(cos @i +singP) —sinz| + T,p[—singX + cosP|) sinf dOdep. (2.75)
1,3

For the case of the external field pointing in the axial direction, we have that T}, = 0 and that the integral over a
sine or cosine is zero. For the transverse case, T, has a cos¢sin¢ dependence and T, has a cos? ¢ dependence.
Due to this the integral from ¢ = 0 to ¢ = 27 also yields zero. Thus we see that, in both cases, there is no torque
contribution due to these surfaces.

(11,3 = (113" =0. (2.76)

For the cross tensor we have that T}, has a sin¢ dependence and T, has a cos¢ dependence. Hence, only the
terms with § remain and we get the following integral for the torque

»

(T1,3°7%%) = € R® fl . (~EfEL cos0 + ES“EL + Ef*EY ) sin6 6. 2.77)

For the second surface we get the following formula for the torque

(Tg)z/frfx (T-0) dA:ffrfx (Tg,f‘+ngé+ Tg(p(ﬁ)rsinedrd(p (2.78)
2 2
- f / (~ T, + Top) > sin0 drdg (2.79)
2
:ff (—Tpy[cosO(cos g +sing) —sin02] + Tpg [ singx + cospP]) r* sinO drde. (2.80)
2

Using the same reasoning as we did for the first and third surfaces and using that 6 = /2, we see that the torque
becomes

(T2 = (12") =0 (2.81)
a+d
(T2 — e, f [~ESE" + ESE| 2 dry. (2.82)

a

We solve the resulting integrals in Equations 2.77 and 2.82 numerically, for the same reason as for the integrals
for the force.
If we now look at the final expression for the torque of the particle

1
T =sinveosv[(T1 %) + (12°7%) + (137795 ] = 5 sin2v [T {7 %%y + (7575 + (1§77 ] 9, (2.83)

we can see that it has the same form as Equation 2.2.



Model implementation

3.1. Solving for the coefficients of the potential

For the implementation of the model, we make separate functions to calculate the Af”, Bf”, Cf”, D:.‘” and Rl’.C
coefficients with i = 1,2,3,4, as we specified in Equations 2.33. If we iterate over n and k we can create the
matrix and vector of Equation 2.32. We subsequently use the numpy function numppy .linalg.solve to
solve the system of equations and to get the desired coefficients a, B, ¥ and 6.

3.2. Calculating the potential with the coefficients

When we have obtained the coefficients, we can calculate the potential at all the points. First, we determine the
region on the basis of the coordinates of the point, to pass the correct coefficients to the correct function. Then we
determine the factors in front of the (associated) Legendre polynomials for each 7 and lastly we calculate the Leg-
endre or associated Legendre polynomials using the functions numpy .polynomial. legendre.legval
and scipy.special. lpmv respectively.

3.3. Calculation Force Maxwell Stress Tensor (MST)

For every surface which needs to be integrated, we create a function which calculates the integrand of the integrals
given in subsection 2.2.2. The function takes only the argument of the variable which needs to be integrated and
the integration is done by the scipy function scipy.integrate.quad.

Solving the coefficients of the potential

Functions to calculate U linal / The vector x contains
the coefficients: Loop over n and k s€ numpy.lina g.so. ve th fHicients:
Akn gkn ckn pkn and to build: M and R to solve the system: e coefficients:
le oo ' Mx=R a, B, yand d
i

Calculate the potential with the coefficents

Calculate the legendre polynomials using
—— |numpy.polynomial.legendre.legval
or scipy.special.lpmv

Determine the region |Medium, B
based on the
coordinates: (p, 6, @)

Calculate the factors:
Bopt, B1p?, ... Bup™?

Calculate the factors: Calculate the Iegendre polynomials using
2 N |——|numpy.polynomial.legendre.legval
%or 01, 0P .0 AN or scj jal.l
py.special.lpmv

Figure 3.1: Diagram of the steps used for implementation of the model.

14



Results

In this chapter, we show the results of the calculations done using the model. First, we discuss the different
calculations of the potentials, where we compare the model to known potentials cases and consider the stability
of the model. After that, we show the potential and the field of the Janus particle due to an external z- and x-field.
Lastly, we consider the calculations of the force and torque done using the dipole approximation or done using
the Maxwell Stress Tensor method and compare them.

The calculations for the Janus particle were done with the following values, which are indicated in Fig-
ure 2.2¢. For the medium the permittivity of water at 20°C was chosen, €, = 80¢( [17], where €y = 8.85- 10712
Fm™! is the permittivity of free space. The shell was assumed to be made of TiO», thus the permittivity of the
shell is €, = 114¢q [18]. The core was made of SiO, which has a permittivity of e, = 3.9¢o [17]. We take the
permittivity of the lower shell equal to the permittivity of the medium, €; = €;, = 80¢¢y. The thickness was taken
as d = 0.2a. The core radius a and the external field strength E, are not specified since the calculations were
done with dimensionless coefficients.

4.1. Potential calculation

4.1.1. Agreement with known potentials

We can change the dielectric permittivities of the various regions, to have the model represent the cases for which
the solutions are already known. If all the permittivities are equal to each other (¢, = €; = €5 = €, = 80¢p), there
is no particle in the medium and we will expect no change in the potential. If the permittivities of the upper
and the lower shell are equal to the permittivity of the medium (¢, = €5 = €5 = 80€q; €. = 3.9¢¢) or that of the
core (€, = 80¢p; €5 = €5 = €. = 3.9¢p), we should obtain the potential of a sphere with radius a or radius a + d,
respectively. When the permittivities of the upper shell and the lower shell are equal but they differ from the core
and the medium (e, = 80¢p; €5 = €5 = 114€q; €. = 3.9¢¢), the model should give the potential of a particle with a
concentric shell.

In Tables 4.1 we present the values of the a;, f1, y1 and 0, coefficients, together with their expected dimen-
sionless coefficients. We calculated the coefficients with N =50 for a field pointing in the axial direction and for
a field in the transverse direction. The numerically calculated coefficients with n # 1 are all 0 we do not show
these values. Furthermore, C,, = C,, and D,, = D,, for all n, since €5 = €3, so we also do not shown these values in
the tables.

In Table 4.1a, Table 4.1b and Table 4.1c we provide, respectively, the results of the cases for no particle, for
a spherical particle of radius a and for a spherical particle of radius a + d. In the tables, we can see that the
coefficients calculated with the model, in both directions, are equal to the exact coefficients.

In Table 4.1d the case for the single shelled particle is shown with the two exact solutions of Jones (1995) [6]
and Turcu et al. (1989) [14]. The data is also plotted in Figure 4.1. In the table and in the figure we can see that
for the coefficients a1, y; and 6; the solutions of the model are equal to the coefficients as calculated by Turcu
et al.. On the other hand, the 8, coefficient of the model is equal to the solution of Jones. This is the same result
we saw in the solution given by Maple, Equations 2.17, and in appendix C.

15
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Table 4.1: In this table we show different values of the first coefficients calculated by the model for cases of: no particle (a),
a spherical particle with radius r = a (b), a spherical particle with radius r = a + d (c) and a shelled particle (d). The
coefficients calculated for an external field in the axial- and the transverse-direction are shown.

(a) No particle (e, =€s=€5=¢€¢)

Exact Axial field Transverse field
a -1 -1 -1
B1 0 0 0
71 -1 -1 -1
o1 0 0 0
(b) Spherical particle with radius a (es = €5 =€)
Exact Axial field Transverse field
a -1.46431 -1.46431 -1.46431
B -0.46431 -0.46431 -0.46431
Y1 -1 -1 -1
01 -0.46431 -0.46431 -0.46431
(c) Spherical particle with radius a+d (es =€5 =€¢)
Exact Axial field Transverse field
a -1.46431 -1.46431 -1.46431
B1 -0.80232 -0.80232 -0.80232
Y1 -1.46431 -1.46431 -1.46431
01 0 0 0

(d) Shelled particle (€5 =€)

Exact Jones (1995) Exact Turcu et al. (1989) Axial field Transverse field
a -1.28807 -1.3863 -1.3863 -1.3863
B1 -0.34263 -0.80561 -0.34263 -0.34263
Y1 -1.07494 -0.94001 -0.94001 -0.94001
01 -0.21314 -0.44629 -0.44629 -0.44629

4.1.2. Convergence of solution

The solution of the system 2.32 tends to diverge at two points: r = a and r = a+ d. If the series 2.22 and 2.35
converge at these points, they converge everywhere [16]. To verify the convergence we solve the system for
different values of NV and calculate the relative error in the potential:

Dy — D340 @.1)

o ' D340
where @y is the potential calculated for N and @34y is the potential for N = 340. The relative error in the potential
forr=a+d,0=mn/4and ¢ =0 is plotted in Figure 4.2a on a logarithmic scale. We can see from the figure that
the relative error has an oscillating behaviour. If we focus on the peaks of the oscillations, we can see that in both
cases the error decreases for higher N, thus we can assume that the error converges further towards zero. For
both the external field along the z-axis and the x-axis we see that there is a resonance-like behaviour in the error.
The amplitudes of the oscillations increase toward a point, where the oscillations are at their largest and decrease
beyond that point. For the external field in the z-direction, the resonance-point lies around N = 155 and for the
external field in the x-direction that point lies around N = 320.

The relative error is lower than 0.01% for N = 50. We can get a lower error by taking a higher N, however, this
will result in a longer computation time. So for this report, the figures and the values we present are calculated
with N =50.

Since we use the dipole term, B;, for the calculation of the torque, we also consider the relative error of
P1: ep,. The relative error is calculated in the same way as Equation 4.1 but with 1 v as the dipole term
calculated for N and f; 340 as the dipole term calculated for N = 340. The results are plotted in Figure 4.2b.
We can see in the figure that the error in the dipole coefficient decreases faster than the error in the potential.
Furthermore, there is no oscillatory behaviour in the error. For the dipole term we can see that, in both cases,
the error is below 0.01% for N =50. Thus N =50 is also sufficient for the dipole calculations of the torque. In



4.1. Potential calculation 17

mmm Exact Jones (1995) mmm Axial field
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Figure 4.1: Barplot of the coefficients for the shelled particle, as calculated by Jones (1995) and Turcu et al. (1989) and
calculated with the model for an external field in the axial direction and the transverse direction.
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Figure 4.2: Plots of the relative errors of the potential value at (r = a, 0 = /4, ¢ = 0) and the dipole coefficient calculated for
different values of N. The plots are shown on a logarithmic scale. The relative errors are shown for both the axial and
transverse field direction.

Figure D.1 the relative errors of the a;, y; and §; are shown. In these plots we see the same behaviour as we see
for B in Figure 4.2b.

4.1.3. Potential Janus particle

In Figure 4.3 and Figure 4.4 we show the potential and the resulting fields of a Janus particle for an external axial
and transverse field respectively. The fields were calculated using the Equations 2.50 and 2.51 and converted to
Cartesian coordinates using Equations 2.52. In these figures, we have that ¢ =0, for x =0, or ¢ =7, for x <0,
thus E, = 0 for all points in the plane shown in the axial and the transverse case, hence, this field is not shown in
the figures.

In the fields of the axial and transverse cases we can see some similarities. First, if we compare the field in
the direction perpendicular to the external field, the x-field for the axial case and the z-field for the transverse
case, we can see that the fields have the same shape. Both the fields have a butterfly-pattern, with the upper-left
and lower-right "wings" having a positive field and the lower-left and upper-right being negative. For the fields
along the direction of the external field we can see that the field is the weakest outside the core along the direction
of the field. The field is the strongest in the direction perpendicular to the applied field.
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Figure 4.3: Plots of the potential and the field in the z- and x-directions for a Janus particle in an axial-oriented electric field,
shown in the left middle and right plots respectively.
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Figure 4.4: Plots of the potential and the field in the z- and x-directions for a Janus particle in an transverse-oriented electric
field, shown in the left middle and right plots respectively.

4.2. Calculation of force and torque

4.2.1. Dipole approximation

As we already discussed in subsection 2.2.1, there is no force on the dipole due to the external field being uniform.
There is, however, a torque on the particle in the dipole approximation. In Figure 4.5 we show the torque for
different values of the angle v. If the torque is positive, the particle will turn counterclockwise and thus the angle
v will decrease. On the other hand, if the torque is negative, the particle will turn clockwise and the angle v will
increase. Thus, we can see that for v = /2 we have a stable equilibrium. This angle corresponds to the position
where the field is pointing in the positive x-direction as shown in Figure 2.1. We can also deduce that there is a
stable equilibrium when the field is pointing in the negative x-direction. This corresponds to the angle v = —m/2.
The angles v =0 and v = 7, which correspond to the applied field in the positive or negative z-direction, are thus
unstable equilibriums.

4.2.2. Maxwell Stress Tensor (MST)

In Tables 4.2 we show the results of the calculations of the force and torque. Table 4.2a shows the axial contribu-
tion of the force, Table 4.2b shows the transverse contribution of the force and Table 4.2¢ the contribution of the
cross term to the force. In Table 4.2d the contribution of the cross term to the torque is shown. The torques due
to the axial term and the transverse terms are not shown since they are zero. In both the tables, we first display
contributions for each surface and finally the total force or torque on the particle.

We can see that the transverse component of the force has the smallest magnitude and the cross-component
has the largest magnitude. Because we have that the transverse and the axial component are both positive, we
see that the Janus particle will always want to move in the direction its cap is pointing. This is regardless of
the direction of the field due to the squared sine and cosine in Equation 2.72. For the cross-component of the
force we have that due to the sinvcosv, the particle will have a force in the positive x-direction for the angles
0<v<m/2and w <v<3n/2. The particle will have a force in the negative x-direction for the other angles.

In the dipole approximation, we saw that there was no force on the particle, however, there is a force on the
particle according to the Maxwell Stress Tensor. Nevertheless, we have that the forces on the separate surfaces
almost cancel each other. Since the resulting forces, for the axial, transverse and cross-components, are three
orders of magnitude lower than their respective the largest force on an individual surface.
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Figure 4.5: A plot of the torque on the Janus particle for different field angles v. The stable position is denoted with a
diamond and lies at v = 7/2, this position corresponds to the field pointing in the positive x-direction. The unstable positions
are denoted with a circle and lie at v = 0 and v = 7, which correspond to a field pointing in the positive and negative
z-direction, respectively.

We see that the cross-component of the torque on the particle is negative, which is the same as in the dipole
approximation. So we have the same shape of the torque as in Figure 4.5. Thus we have that for angle v = /2
the particle is at a stable equilibrium. In the dipole approximation we have that [}ax — x tr]Eg = —3.484a% E2¢y,
which is close to the value of the torque calculated by the Maxwell Stress Tensor.

Thus the dipole approximation is a reasonable approximation to calculate the force and torque on a Janus
particle. However this is only for the specific parameters used in this report, we for example expect that these
values for the torque and force will have larger differences if the thickness d is increased. Because, in that case

the model is less similar to the model of a sphere, which is perfectly described by a dipole.
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Table 4.2: Force in the z-direction on the Janus particle for an axial external field (a) and for a transverse external field (b).

The first three entries in the tables are the forces for each individual surface and the last entry is for the total force.

(a) Axial force

(b) Transverse force

Force/ (a? E2¢) in the z-direction Force/ (a®E2ep) in the z-direction
(F{*%) 5.373836 <F1tr> -252.898
(F5%) -134.019 (thr) 50.03007
(FF | 128.7616 (FTTy | 202.8756
(F%) 0.115974 (FTy 0.008121
(c) Cross force (d) Cross torque
Force/(a? E2ep) in the x-direction Torque/ (a> E2¢p) in the y-direction
(FToss) 278.6593 (T{0%%) 3.835102
(ESTO%y | -137.672 @0y | 63761
(ESTO%y | 140217 @Oy | -0.82279
(F€ross) 0.770905 (TCrossy -3.36379




Conclusion

The purpose of this report was to derive a semi-analytic description of the force and torque on a Janus particle
due to an electric field. We derived this solution by first finding the potential because of the electric field and
then calculating the force and torque with the dipole approximation and the Maxwell Stress Tensor.

The model of the Janus particle has been developed by adapting the approach developed by Scherbak et al.
(2015) [15]. If the model is reduced to the case of a spherical particle or a spherical particle with a concentric
shell, then the potential calculated using the model corresponds with the known potential of those cases. The
solution of the model on the boundaries is stable and converges for a higher number of terms in the series, thus the
solution converges everywhere. The values of the dipole coefficient, which we use for the dipole approximation,
also converge for a higher number of terms.

In the dipole approximation, we saw that there is no force on the Janus particle since the applied field is uniform.
There is, however, torque on the Janus particle, which has resulted that the particle orients its axis perpendicular
to the direction of the electric field. The force calculated with the Maxwell Stress Tensor method is non zero,
but the magnitude of the total force is three orders of magnitude than the separate components of the force.
The torque calculated with the stress tensor is approximately equal to the torque as calculated with the dipole
approximation.

Our study only focused on developing the model to calculate the force and torque. We did not investigate the
effects of different parameters or the use of more complicated electric fields for rotation of the particle. Thus we
recommend researching at which parameter configurations the agreement between the dipole approximation and
the Maxwell Stress Tensor breaks down. We expect that this happens for a larger shell thickness, however, this
can possibly happen for varying permittivities. Furthermore, we recommend using the model from this report to
investigate how to rotate the Janus particle without displacing it. This is not trivial since there is always a force,
although small, pointing in the direction the cap of the particle is pointing. This can possibly be done by using a
rotating external electric field. Another approach to research is to calibrate the strength of the external field such
that there is enough torque to turn the particle but the force is not large enough to move the particle.
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Python code

The Python code used for this report is available at
https://gitlab.tudelft.nl/optica/force-and-torque-on-janus-particle

We implemented the solver of the coefficients in potential_calculation.py. Also, the functions to
calculate the value of the potential and the field from the coefficients are defined in that file. The file calls the
functions inbuild_u_matrix.py, which calculate the values of U, ;. or Urll,k. In the file input_file.py
we defined a dictionary called variables in which the variables for the model are defined. All the other files
import the variables dictionary from the input file, thus there is a central place to modify the input of the model.
In plotting.py we have some standard functions for visualizations defined, such as the function to draw the
outline of a Janus particle.

The files which start with error_in_potential calculate the coefficients of their respective cases: no
particle, a spherical particle or a single shelled particle.

The scriptin calculate_potential_coeff_diff_N.py calculates the values of the coefficients and
the potential at a point for multiple values of N and stores the datain Data/. The files plot_convergence_
coeff.py and plot_convergence_potential.py use the saved data to plot the relative error of the
a1, Pi1, y1 and §; coefficients and the relative error of the potential, respectively. The other files starting with
plot are files that plot the figures we show in this report.

Finally, we have in the filesmst_force_janus_particle.pyandmst_torque_janus_particle.
py the code that calculates the force and torque with the Maxwell Stress Tensor method.
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Nomenclature

Table B.1: Table with the names of the variables and constants used throughout the report

External electric field [V/m]
Dipole moment [Cm]

Force [N]

Torque [Nm]

Electric potential [V]
Legendre polynomial
Associated Legendre polynomial
core radius [m]

shell thickness [m]

Spherical coordinates
Dimensionless radius
Variable Legendre polynomial
Dimensionless outer radius
Electric permittivity [Fm]
Cut-off term series

Time averaging

medium

shell

mirrored shell

core
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Comparison solutions shelled particle

To investigate the difference in the solutions given by Jones (1995) and Turcu et al. (1989) the potential and
the displacement field in the core, shell and medium are plotted in Figures C.1. As a reminder, the coefficient
corresponding to the core is A, the coefficients corresponding to the shell are C and D and the coefficient corre-
sponding to the medium is B.

In Figure C.1a, we plot the potential across the shell. We can see that for the solution of Jones the potential
is continuous across the boundaries. However, the solution of Turcu et al. is not continuous at the shell-medium
boundary, but it is continuous with the solution of Jones at that boundary. In Figure C.la we show the dis-
placement field, €E, across the shell. The figure illustrates that the displacement field is discontinuous at both
boundaries for the Jones solution. On the other hand, the field given by Turcu et al. is continuous at the core-
shell boundary, but discontinuous at the shell-medium boundary. We notice that the solution of Turcu et al. is
continuous with the Jones solution at the shell-medium boundary. This implies that the correct solution is the
solution with the A, C and D coefficients of Turcu et al. and the B coefficient of Jones, which is the same answer
Maple gives as shown in Equations 2.17.
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Figure C.1: Plots of the values of the potential and the displacement field, €E, across the shell according to the solutions of
Jones (1995) [6] and Turcu et al. (1989) [14].
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