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1. Introduction

The mechanical system of the GIANO slit and filter wheel is shown in Fig. 1. Each device consists
of a worm gear which is driven by a stepper motor (VSS 32.200.1,2 UHVC made by Phytron).

The slit wheel consists 15 slit frames which are mounted inside stainless steel holders (slit
mounts). These steel holders are elastically mounted on the Aluminium wheel of the slit wheel
device. To achieve an accurate positioning of the slits in relation to the focal plane, a slit lock fork,
also mounted on the mechanical system, presses the slit mount against three kinematic points
(plane, cylinders and spheres). This three kinematic points are mounted on a rigid system behind
the slit wheel.

Stepper motors which are driven with high currents can warm up the cold structure of the
mechanical filter and slit wheel system. To reduce the heat introduction the acceleration torques
must be reduced to a less amount. The acceleration torques to move the slit wheel, the filter wheel

and also the slit lock fork are calculated in this report.

Figure 1 shows a schematical draw the mechanical system with all components:

* -+« Kinematic reference for slit

Sht-lock fork

Slits wheel Stepper motor

Filters wheel

Stepper motors

\I\\ | \__.-'-F il e
“\i e

Fig. 1: Schematic draw of the Giano mechanical system holding the slit and the filter wheel.
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2. Worm gear of the filter wheel
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Fig. 2: Drawing of the filter wheel system mounted on the main structure
2.1 Gear main specifications
Gear ratio i 1: 120
Moving frequency, related to full step mode f Hz 300
Acceleration time to achieve moving frequency At S 1
Gear ratio:
. z2 120
i=—=—>-=120
z1 1
Rotational speed of worm and wheel in relation to the moving frequency:
n L=1,5/s:90/min (standard step angle = 1,8°; 200 steps = 1 turn)

worm = 200

Nypog = MM _ 4 25 6y (—02)/ s=0,75/ min

120

Distance between the axes:

a— (dm1+dm2) (12,043mm+120,416mm)

2 2

(1 turn = 90s)

=66,23mm
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2.1.1 Worm specifications

Number of teeth z1 - 1

Axial module ma mm 1,0035

Axial pitch pa mm 3,1525
Reference diameter dm1 mm 12,043

Friction angle p' ° 2

Pressure angle a0 ° 20

Lead angle ym ° 4,7631

Volume \Y m?® 4,1exp(-06)
Weight m kg 3,22exp(-02)
Density of AISI 304 (X5CrNi18-10) p kg/m? 7854

Catia P3 V5R10 was used to calculate the moment of inerta and the center of gravity. The results

are transfered from the Catia calculation report:

Moment of inerta Jworm kg-m? 5,17exp(-07)

Position of gravity center k mm 0,259

Gravity force:

F,=m-g=3,22exp(—02)kg-9,81m/s*=0,32N

Angular velocity:

w, =2-II-n,__=2-11-1,5/s=9,42/s

worm worm

Angular acceleration:

_2dI'ng,. 2-7115/s rad
worm At - 1S —9,42 82

X

Acceleration torque:

_jAw_
T.,=J At =J-a« (common)

T aworm)=Jworm’ Xworm =5, 17 €xp (—07) kg-m”-9,42 r:‘—9=4,87 exp(—06)Nm=4,87exp (—03)mNm
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2.1.2 Wheel specifications

Number of teeth z1 - 120
Normal module mn mm 1
Transverse module ms mm 1,0035
Reference diameter dm2 mm 120,416
Reference circle diameter d2 mm 120,416
Friction angle p' ° 2
Pressure angle a0 ° 20

Lead angle ym ° 4,7631
Weight m kg 0,773

Catia P3 V5R10 was used to calculate the moment of inerta and the center of gravity. The results
are transfered from the Catia calculation report. The calculation to determine the moment of inerta

of the filter wheel is done without consideration of weight of the six infrared filters:

Moment of inerta Jwheel kg-m? 1,094exp(-03)

Position of gravity center - mm 53,153

Gravity force:
_ _ 2_
F,=m-g=0,773kg-9,81m/s"=7,586N

Angular velocity:

=2-II'n, =2-I1-1,25exp(—02)/s=0,079/s

Wyheel = wheel

Anqular acceleration:

_2:1I'n,.q 2-1T-1,25exp(—02)/s rad
(xwheel - At - 18 _0’079 32

Acceleration torque:

T 2 whee) = Jwheel’ Xuneer= 1,094 exp (—03) kg: m’-0,079 @: 8,6exp(—05)Nm=8,6exp(—02)mNm
s

Resulting force related to the wheel radius:

T 8,6exp(—02)mNm
_ " a(wheel) _ O, _ _
Fe= = 05.120416mm _ 43exp(~03)N

wheel
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2.2 Bearings

2.2.1 Bearings of the worm

Fig. 3: Cross sectional view of the GIANO worm which contains the bearings (L1 + L2) and a
flexible connecting element (Flexbeam-2)

Worm and bearing dimensions:

Distance a1 mm 25
Distance a.2 mm 25
Lenght of the worm I mm 60
Inside diameter of bearing d mm 5
Friction coefficient of radial groved ball bearings n - 0,0015

Position of center of gravity:

k=a.1—k=25mm-—0,259 mm=24,741mm

Acting forces to the bearings L1 and L2:

Splitting the gravity force to both bearings:
ZFZO FIL1+F'L2_Fg:0

Fok 0,32N-24,741mm
= 9 =2 ) —
F'i (al1+a2) 25mm+ 25mm 0,156N

F',=F,~F',=0,32N~-0,156N=0,160N



Ref: GIANO Documents
Version 1.5 Edit.: Feger T.

‘
war @

.

Equations to calculate the radial, tangential and axial force components:

Radial force:
a.1 v 25mm _
Fu(radian:':m‘(m +F “_5’21eXp(_04)N'((25mm+25mm) +0,160N=0,160N
a.2 v o 25mm _
FLz(radial)sz-(m +F L2—5,21exp(—O4)N-((25mm+25mm) +0,156 N=0,157N

Tangential force:

Distance a.1 is equal to a.2, therefore Fi1(tangential) = FL2(tangential)

a.2
FL1(tangentiaI): FLZ(tangentiaI): Ft'l ( (a 1 +a 2)

25mm
=1,69exp(—04)N- =8,5exp(—05)N
xpl ) ((25mm+25mm)) Xl )

Axial force:
Distance a.1 is equal to a.2, therefore Fui(axial) = FL2(axial)

12,043mm
2-(25mm+25mm)

):1,72exp(—04)N

dm1
FL1(axiaI): FL2(axiaI): Far ( 2. =1,43exp(—03)N (

a.1+a.2)

Resulting forces of the bearings L1 and L2:

Fiq :\/(FL1(radia|)+ Fiq (axial))2+Fﬁ1 (tangential)— \/(0,160N +1,72exp(—04)N )2+815 exp(—05)N2:0,16 N

FL2:\/<FL2(radiaI)_ FL2(axiaI))2+FﬁZ(tangential): \/(0,1 57N—1,72exp(—04)N )2"‘815 exp (_05)N2:0,16 N

Approximated calculation of the friction torque without considering of the lubricant:

Mmction(u):FL1-u-%:0,16N-0,0015-5me:6,Oexp(—04)mNm
d 5mm

Mfriction(LZ): FLz'IJ'E:O,zG N-0,001 5'?25,879Xp (—04)mNm

Mistion (L1+12) = Miristion(1) T Mtriction(.2)= 12 exp(—03)mNm
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2.2.2 Bearings of the wheel
Fig. 4: Dimensions of the wheel to calculate the acting forces.

Distance b.0 mm 31
Distance b.1 mm 1,15
Distance b.2 mm 7,35
Lenght of the axis I mm 65
Inside diameter of bearing d mm 25
Acting forces to the bearings L3 and L4:
Radial force:

Z Fraga=05 —FutFo—Fisadiant F Lagadian =0

Fy(b.0+b.1)—F-(b.0+b.1 +b.2)+Faz-d2lz
FL3(radiaI): b.0
_ 7,586N-32,15mm—5,21 exp(—04)N-39,5mm+1,69 exp(—04)N-60,208 mm _
FLS(radiaI)_ 31mm _7’87N

Fratracior=—F o+ Fia raga + Fro=—7,586 N +7,87N+5,21 exp (—04)N=0,28N

radial
Axial force:

Flsiaxay=Fi=1,69exp(—04)N

axial

— Bearing L4 is not a fixed bearing, therefore the axial force is O N.
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Resulting forces of the bearings L3 and L4:

FL3:\/FﬁS(axial)—‘rFﬁS(radial): \/1 ,69 exp(—04)N2+7,87 N2:7,868 N

FL4:\/F54(axial)+ Fi4(radia|): \/02"‘0’28 N’=0,28N

Approximated calculation of the friction torque without considering of the lubricant:

Mfricﬁon(L3>:FL3-u-%=7,868N-0,0015-25mm =0,15mNm
Mmcﬁon(w:FL4-u-%=0,28N-0,0015- 25;“”’ =5,29 exp(—03)mNm

M iction (L3+L4) =M;istion (L3) +Miction (L4) =0,150mNm

10
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2.3 Torques and Forces of the worm gear

Farce diagramm

Fini ,D;()(
—~ i'F Topwigm ” .-ffF'
~ [\ Faz m = lead angle Fr A &l
Al o' = friction angle B dtm AN
|:t }-"_k e 5
2 _ -~ G = pressure angle g Syt Il' Fai
I Frg e

Fig. 5: Acting forces on a worm gear, when worm is the driven part.

Acting forces at the contact point between the worm and the wheel:

On the roll point of a worm gear interacts two contact forces between worm and wheel. Whereas

both interacts to each other contrarily because of Actio = Reactio. The three components are:

Ft = tangential force
Fr = radial force
Fa = axial force

Because of Actio = Reactio the following forces are identical:

Fu=Fa F.=F

r1

Fai=Fp

r2 a

Resulting force of in relation of the wheel radius:

Fres is the basis force to calculate the further forces which are acting on the roll point of the worm
gear and is equal to the forces F2 and Far1.
F..=F,=F,;=1,43exp(—03)N

Tangential force Ft1:

F,=F,,-tan(ym+p')=1,43exp(—03)N-tan(4,7631+2)=1,69exp(—04)N

11
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Backup force F'e:
F',=VF2,+F,=11,43exp(—03)N>+1,69 exp(—04)N°=1,437 exp(—03)N
Projection of normal force Fn1:
F',=F',,-cos(ym)=1,437exp(—03)N-cos(4,7631)=1,432exp(—03)N
Normal force Fn1:
Fo=m__1482eXp(-039N_ 57 0 _03)N
cos (x0) cos(20)
Radial force Fr1:
F..=F,,-sin(«0)=1,524exp(—03)N-sin(20)=5,21exp(—04)N
Friction force Fr:
Friction coefficient of stainless steel and bronze: ©=0,180
Fr=F.,-u=1,524exp(—03)N-0,180=2,74exp(—04)N
Component of the friction force which is perpendicular to the worm axis F'r:
F'r=Fg-cos(ym)=2,74exp(—04)N-cos(4,7631)=2,73 exp(—04)N
Static friction torque Tst of the worm:
Tsf:F'R~;—-dm1 =2,73exp(—04)N-%-12,043 mm =1,65exp(—03)mNm
Moment of inerta of the stepper motor and the Flexbeam-2:
Phytron stepper motor VSS 32.200.1,2 J kg-m? 1,0exp(-06)
Flexbeam-2 / Type: PSMR10 J kg-m? 2,9exp(-08)

Acceleration torque of the stepper motor:

T 4 (rotor1= Yworm* Xworm=1,0€Xp (— 06 ) kg m*-9,42 r':—9:9,42exp(—06)Nm: 9,42exp(—03)mNm

Acceleration torque of the Flexbeam-2:

T a(fiexbam—2) = worm " Xworm = 2,9 €Xp (—08) kg-m’-9,42 @: 2,73exp(—07)Nm=2,73exp (—04) mNm
s

12
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2.4 Efficiency of the worm gear

Efficiency of a radial grooved ball bearing Nw - 0,96

(Capacity flux from the worm to the wheel)

P, tany, ., tan(4,7631) _
1= B =M Ganly +p) 000 Tan(4,763142) 000

2.5 Results

Tstart:Tla( )+Tsf+Ta( Ta( +Mfriction(L1+L2)+Ta(

wheel worm )+ rotor) flexoeam—2)

_ Tatuneet T Miscionas14) _ 8,6€xp(—02)mNm-+0,150mNm

T a(wheel) ™ i"712 1200,65

=3,06exp(—03)mMNm

The value of the calculated starting torque, as shown in the following result, is required to
accelerate the worm gear of the filter wheel. This result is in relation to the moving frequency f and
and the accelerating time At of the ramp. Moreover this calculations includes also the acceleration

torque of the rotor. This result is calculated for ambient temperature:

Tstart: 2,059Xp (_02) mNm

13
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3. Worm gear of the slit wheel
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Fig. 6: Drawing of the slit wheeTsystem mounted on the main structure

3.1 Gear main specifications

Gear ratio i 1: 120
Moving frequency, related to full step mode f Hz 100
Acceleration time to achieve moving frequency At S 1
Gear ratio:

_72_120_

i= -1 =120

Rotational speed of worm and wheel in relation to the moving frequency:

n :Lzo 5/s=30/min  (standard step angle = 1,8°; 200 steps =1 turn)
worm 200 ’

n — .
Nuheel = 1“55":4,17exp(—03)/3:0,25/min (1 turn = 4min)

Distance between the axes:

4 (dm1 erdm2) _{ 12,043mm+21 20,416mm) _ e 53 1mm

14
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3.1.1 Worm specifications

Number of teeth z1 - 1

Axial module ma mm 1,0035

Axial pitch pa mm 3,1525
Reference diameter dm1 mm 12,043
Friction angle p' ° 2

Pressure angle a0 ° 20

Lead angle ym ° 4,7631
Volume \Y m?® 4,1exp(-06)
Weight m kg 3,22exp(-02)
Density of AISI 304 (X5CrNi18-10) p kg/m? 7854

Catia P3 V5R10 was used to calculate the moment of inerta and the center of gravity. The results

are transfered from the Catia calculation report:

Moment of inerta Jworm kg-m? 5,17exp(-07)

Position of gravity center k mm 0,259

Gravity force:

—— 2_
F,=m-g=3,22exp(-02)kg-9,81m/s"=0,32N

Angular velocity:

w, =2-1I-n,__=2-11-0,5/s=3.14/s

worm worm

Angular acceleration:

2-11- I
_ nworm:2H0,5/S:3,14@

Byorm™= A t 1 S 82

Acceleration torque:

T aworm)=Jworm’ Fworm =5, 17 €xp (—07) kg-m”-3,14 r:—f'z 1,62exp(—06)Nm=1,62exp (—03)mNm

15



Ref: GIANO Documents

%@é ' Version 1.5 Edit.: Feger T. i
3.1.2 Wheel specifications

Number of teeth z1 - 120
Normal module mn mm 1
Transverse module ms mm 1,0035
Reference diameter dm2 mm 120,416
Reference circle diameter d2 mm 120,416
Friction angle p' ° 2
Pressure angle a0 ° 20

Lead angle ym ° 4,7631
Weight m kg 1,799

Catia P3 V5R10 was used to calculate the moment of inerta and the center of gravity. The results
are transfered from the Catia calculation report. The calculation to determine the moment of inerta

of the slit wheel is done with consideration of weight of the 15 slits:

Moment of inerta Jwheel kg-m? 7exp(-03)

Position of gravity center - mm 59,876

Gravity force:
_ _ 2_
F,=m-g=1,799kg-9,81m/s"=17,65N

Angular velocity:

=2-II'n, =2-I1-417exp(—03)/s=0,026/s

Wyheel = wheel

Anqular acceleration:

_2:1I'n,.q 2-1T1-4,17exp(—03)/s rad
(xwheel - At - 18 _0’026 32

Acceleration torque:

Ta(wheel):theeI'O(wheeI:7’0 eXp(—03)k9 m20,026 @: 1 ,83eXp(—04) Nm:0,1 83 mNm
S

Resulting force related to the wheel radius:

_ Ta(wheel)_ 0,183mNm

Fres™ r ~0,5-120,416 mm

=3,05exp(—03)N

wheel

16
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3.2 Bearings

3.2.1 Bearings of the worm

The dimensions of the worm and the equations to divide the gravity force to the bearings L1 and L2

are equal to point 2.2.1.

Equations to calculate the radial, tangential and axial force components:

Radial force:
a.1 v o 25mm _
Fu(radian:Fm‘(m +F' =111 eXp(_03)N'((25mm+25mm) +0,160N=0,160 N
a.2 v o 25mm _
FLz(radial)sz-(m +F',=1,11 eXp(_O3)N'((25mm+25mm) +0,156N=0,157N

Tangential force:

Distance a.1 is equal to a.2, therefore Fi1(tangential) = FL2(tangential)

_ _ a.2
FL1(tangentiaI)_FLZ(tangentiaI)_ t1° (a 1+a 2)

25mm
=3,61exp(—04)N- =1,8exp(—04)N
xpl ) ((25mm+25mm)) Xl )

Axial force:
Distance a.1 is equal to a.2, therefore Fui(axial) = FL2(axial)

12,043 mm
2:(25mm-+25mm)

dm1
Fii (axial) — FL2(axiaI) =F, ( 2.

a.1+a.2)

=3,04exp(—03)N-( ):3,67exp(—04)N

Resulting forces of the bearings L1 and L2:

Fiq :\/(FL1(radiaI)+ Fy (axial))2+Fﬁ1 (tangential) ™ \/(0,160N +3,67exp(—04) N)Z +1,8 exp(—04)N2:0,161 N

FL2:\/(FL2(radiaI)_ F L2 (axia) )2+ Fﬁ2(tangentia|): \/( 0,157N—3,67 exp(—04) N)Z +1,8exp(—04) NZZO, 157N

Approximated calculation of the friction torque without considering of the lubricant:

Mmcﬁon(u):FU-u-%=0,161 N-0,0015-5me=6,02exp(—04)mNm

Mfricﬁon(mzFLz-u.gzoA57N-o,oo15.5me=5,87exp(—o4)mNm

Mfriction(L1 )= Mfriction(L1)+ Mfriction(L2): 1,2 exp(—03)mNm

17
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3.2.2 Bearings of the wheel
Fig. 7: Dimensions of the wheel to calculate the acting forces.

Distance b.0 mm 31
Distance b.1 mm 7,88
Distance b.2 mm 21,12
Lenght of the axis I mm 83,5
Inside diameter of bearing d mm 25
Acting forces to the bearings L3 and L4:
Radial force:

Z Fraga=0; —Fot Fg_ FL3(radiaI)+ FL4(radiaI):0

Fy(b.0+b.1)—F-(b.0+b.1 +b.2)+F82-C|2lz
FL3(radiaI): b.0
F _17,648N-38,88 mm—1,11exp(—03)N-60mm+3,61exp(—04)N-60,208 mm —92 1
L3(radial) — =22,13N

31mm

Foatracior=—F o+ Fa ragi - Fo=—17,648N+22,13N+1,11exp(—03)N=4,48N

18
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Axial force:

Fis(aiay=F11=3,61exp(—04)N

axial

— Bearing L4 is not a fixed bearing, therefore the axial force is 0 N.

Resulting forces of the bearings L3 and L4:

FLa=V Fra(axia + Fra(rad= V3,6 1exp (—04)N*+ 22,13N°=22,13N

F o= Fra(axian+ Fra(raciay=\ 0°+ 4,48 N°=4,48N

Edit.: Feger T.

Approximated calculation of the friction torque without considering of the lubricant:

Mmcﬁonw:FLs-u-%zzzA 3N-0,0015- 252“”‘ —0,415mNm
Mfricﬁon(wzFL4-H-%=4,48N-o,oo15- 25'2“”‘ =8,4exp(—02)mNm

Miction (L3+L4)— Mfriction(L3)+ Mfriction( L4) = 0,499mNm

19

INAF
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3.3 Torques, Forces and Efficiency of the worm gear

Resulting force of in relation of the wheel radius:

Fres is the basis force to calculate the further forces which are acting on the roll point of the worm

gear. Fres is equal to Fi2 and Far1.

F..=F,=F,;=3,05exp(—03)N

res

Tangential force Ft1:

F,=F,-tan(ym+p')=3,05exp(—03)N-tan(4,7631+2)=3,62exp(—04)N

Backup force F'e:

F',=VF2 +F2=3,05exp(—03)N?+3,62exp(—04)N*=3,07 exp(—03)N

Projection of normal force Fn1:

F'=F',-cos(ym)=3,07exp(—03)N-cos(4,7631)=3,06exp(—03)N

n

Normal force Fn1:

_ F'y 3,06exp(—03)N _
F’”_cos((xO)_ cos(20) =3,25exp(-03)N

Radial force Fr1:

F.,=F.,;-sin(x0)=3,25exp(—03)N-sin(20)=1,11exp(—03)N

Friction force Fr:

Friction coefficient of stainless steel and bronze: ©=0,180
Fr=F.,-u=3,25exp(—03)N-0,180=5,85exp(—04)N

Component of the friction force which is perpendicular to the worm axis F'r:

F'x=Fg-cos(ym)=>5,85exp(—04)N-cos(4,7631)=5,83exp(—04)N

Static friction moment Tsf of the worm:

Ty= 'R%~dm1 =5,83 exp(—O4)N%-12,043mm=3,51 exp(—03)mNm

20
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Moment of inerta of the stepper motor and the Flexbeam-2:

Phytron stepper motor VSS 32.200.1,2 J kg'm? 1,0exp(-06)
Flexbeam-2 / Type: PSMR10 J kg-m? 2,9exp(-08)

Accelerations torgue of the stepper motor:

T 4 (rotor= Yworm* Xworm= 1,0 €Xp (— 06 ) kg m2-3,14r2—§]:3,14 exp(—06)Nm=23,14exp (—03)mNm

Accelerations torque of the Flexbeam-2:

T o expam—2=Jworm Xworm = 2,9 €Xp (— 08) kg-m*-3,14 @29,1 1exp(—08)Nm=9,11exp(—05)mNm
s

3.4 Efficiency of the worm gear

The Efficiency of the slit wheel worm gear is equal to point 2.4 in this report.

3.5 Conclusion

— ]
Tstan_ T a(wheel) +Tsf +Ta(worm)+ Ta(rotor) + Mfriction(L1 +L2)+Ta(ﬂexbeamf2)

_ Ta(wheel)+ Mfriction(L3+L4) — O, 183 mNm‘|‘0,499 mNm

T' =
a(wheel) i, 120-0,65

=8,78exp(—03)mNm
The value of the calculated starting torque, as shown in the following result, is required to

accelerate the worm gear of the slit wheel:

T o=1,84exp(—02)mNm
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4. Worm gear of the slit lock fork

|

Fig. 8: Drawing of the slit lock fork system mounted on the main structure

4.1 Gear main specifications

Gear ratio i 1: 80
Moving frequency, related to full step mode f Hz 300
Acceleration time to achieve moving frequency At S 1
Gear ratio:

_72_80_

I_z1 =7 =80

Rotational speed of worm and wheel in relation to the moving frequency:

nwormZWfO=1,5/S=90/min (standard step angle = 1,8°; 200 steps = 1 turn)
e =222 =1,875exp(~02)/5=1,125/min (1 1urn = 53,335)

Distance between the axes:

4 (dm! erdmz) _ (12,043mm;80,277mm) —46.16mm
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4.1.1 Worm specifications

Number of teeth z1 - 1

Axial module ma mm 1,0035

Axial pitch pa mm 3,1525
Reference diameter dm1 mm 12,043

Friction angle p' ° 2

Pressure angle a0 ° 20

Lead angle ym ° 4,7631

Volume \Y m?® 4,1exp(-06)
Weight m kg 3,22exp(-02)
Density of AISI 304 (X5CrNi18-10) p kg/m? 7854

Catia P3 V5R10 was used to calculate the moment of inerta and the center of gravity. The results

are transfered from the Catia calculation report:

Moment of inerta Jworm kg-m? 5,17exp(-07)

Position of gravity center k mm 0,259

Gravity force:

F,=m-g=3,22exp(—02)kg-9,81m/s*=0,32N

Angular velocity:

w, =2-1I-n,__=2-11-15/s=9,42/s

worm worm

Anqular acceleration:

_Z.H'nworm_z'H'1,5/S_ rad
Kyorm = At - 1s =942 32

Acceleration torque:

T aworm) = Jworm’ Xworm =5, 17 €xp (—07) kg-m?.9,42 r:‘—9:4,87 exp(—06)Nm=4,87exp (—03)mNm
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4.1.2 Wheel specifications

Number of teeth z1 - 80

Axial module ma mm 1,0035
Reference diameter dm2 mm 80,277
Reference circle diameter d2 mm 80,277

Friction angle p' ° 2

Pressure angle a0 ° 20

Lead angle ym ° 4,7631

Weight m kg 0,134

Catia P3 V5R10 was used to calculate the moment of inerta and the center of gravity. The results

are transfered from the Catia calculation report:

Moment of inerta Jwheel kg-m? 3,0exp(-04)
Position of gravity center X mm 3,49
Position of gravity center Y mm 6,88

Gravity force:

— — 2_
F,=m-g=0,134kg-9,81m/s"=1,312N

Angular velocity:

w =2-II'n

wheel wheel

=2.11-1,875exp(—02)/s=0,118/s

Angular acceleration:

_ 210N, _2-H-1,875exp(—02)/8_0 11gFad
wheel — At B 1s - 52

X

Acceleration torque:

T a(whee =Juheel” Kuneer = 3,0 exp(—04)kg-m>-0,118 §:3,54exp(—05)Nm: 3,53exp(—02)mNm
s

Resulting force related to the wheel radius:

_ Ta(wheel)_ 3,53eXp(—02) mNm .
res r - 0,580,277mm —8,81 exp( 04)N

wheel
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4.2.1 Bearings of the worm

The dimensions of the worm and the equations to divide the gravity force to the bearings L1 and L2

are equal to point 2.2.1.

Equations to calculate the radial, tangential and axial force components:

Radial force:
a.1 , 25mm _
F 4 (radian = F 1 (m +F',=3,22exp(— 04)N'((25mm+25mm) +0,160N=0,160N
a.2 v o 25mm _
FLz(radial)sz‘(m +F L2—3,22exp(—04)N-((25mm+25mm) +0,156 N=0,157 N

Tangential force:

Distance a.1 is equal to a.2, therefore FLi1(tangential) = FL2(tangential)

_ _ a.2
FL1 (tangential) — I:L2(tangential) - Ft1 ( (a 1+a 2)

25mm
=1,04 —04)N- =5,2 —05)N
oxp(~04) ((25mm+25mm)) oxp(~05)

Axial force:
Distance a.1 is equal to a.2, therefore Fui(axial) = FL2(axial)

dm1

12,043 mm
F it e = FLa(aia) = Fay (m

2-(25mm-+25mm)

=8,81 exp(—04)N-( )=1,06exp(—04)N

Resulting forces of the bearings L1 and L2:

F o= (Faracian  Fua i)+ F o tangentany= V(0,160N+ 1,06 €xp (— 04)N ' +5,2 exp (—05)N°=0,16 N

F o=V (Fio{racia— F L2 axian ) + F 2 tangentan= V(0,157 N— 1,06 exp (—04)N )’ +5,2exp (—05)N°=0,16 N

Approximated calculation of the friction torque without considering of the lubricant:

d 5mm

Msictiony=FLi t5 5 =0,16N-0,0015- T_G Oexp(—04)mNm
d 5mm
Mfrlct|on(L2 FL2 u 2—0 16N 0 0015 T_S geXp( 04)mNm

Mfriction (L1+L2) = Mfriction(L1 ) + Mfrlctlon L2) 1 19 exp( 03) mNm
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4.2.2 Bearings of the wheel
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- i x
Fig. 9: Dimensions, effective forces and torques on the slit lock fork
Distance b.0 mm 29
Distance b.1 mm 9,5
Distance b.2 mm 40,1385
Inside diameter of bearing d mm 8
Acting forces to the bearings L3 and L4:
Radial force:
Z Fraca=0; —FotFo—F 3 atan T FLaadian =0
Fg-(X)+Ft1-b.2—Fr1-(b.0+b.1)
FL3(radial): b.0
~1,312N-3,49mm+1,04exp(—04)N-40,1385mm—3,22exp(—04)N-38,5mm _
FL3(radiaI)_ =0,158N
29mm
F La(radian=F L3 (vagian T Fr1 =0, 158N+ 3,22 exp (—04)N=0,158N
Axial force:
FLS(axia,)zFL4(axia,)=Ft1+Fg=1,04exp(—04)N+1,312N=1,312N
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Resulting forces of the bearings L3 and L4:

F o=V Faaxan + Framam= V1,312 N° +(0,158)°=1,321N

Fra=VFr 4 pay+ Fraiada=V1,312N° +0,158N°=1,321N

Approximated calculation of the friction torque without considering of the lubricant:

Mf,icﬁon(B):FLs-u-%ﬂ,321 N-0,0015-8me=7,93exp(—03)mNm

Mﬁicﬁon(M):FM.u%ﬂ,321 N~0,0015-8me:7,93 exp(—0,3 )mNm

Miiction (L3+L4)— Mfriction(L3 )t Mfriction( L4)— 1,59exp(—02)mNm

27
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4.3 Torques, Forces and Efficiency of the worm gear

Resulting force of in relation of the wheel radius:

Fres is the basis force to calculate the further forces which are acting on the roll point of the worm

gear. Fres is equal to Fi2 and Far1.

F..=F,=F,;=8,81exp(—04)N

res

Tangential force Ft1:

F,=F,-tan(ym+p')=8,81exp(—04)N-tan(4,7631+2)=1,04exp(—04)N

Backup force F'e:

F',=VF2,+F2=881exp(—04)N*+1,04 exp(—04)N*=8,87 exp(—04)N

Projection of normal force Fn1:

F'=F',-cos(ym)=8,87exp(—04)N-cos(4,7631)=8,84exp(—04)N

n

Normal force Fn1:

_ F'y 884exp(—04)N _
" cos(x0)  cos(20) =9,40exp(~04)N

Radial force Fr1:

F.,=F.,;-sin(x0)=9,40exp(—04)N-sin(20)=3,22exp(—04)N

Friction force Fr:

Friction coefficient of stainless steel and bronze: ©=0,180
Fo=F ,-u=9,40exp(—04)N-0,180=1,69exp(—04)N

Component of the friction force which is perpendicular to the worm axis F'r:

F'x=Fg-cos(ym)=1,69 exp(—04)N-cos(4,7631)=1,69exp(—04)N

Static friction moment Tsf of the worm:

Ty= 'R%~dm1 =1,69 exp(—O4)N%-12,043mm=1,02exp (=03)mNm
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Moment of inerta of the stepper motor and the Flexbeam-2:

Phytron stepper motor VSS 32.200.1,2 J kg'm? 1,0exp(-06)
Flexbeam-2 / Type: PSMR10 J kg-m? 2,9exp(-08)

Accelerations torgue of the stepper motor:

T ot rotor= Jworm- Xorm = 1,0€Xp (— 06 kg-m*-9,42 r'2—?29,42exp(—06)Nm: 9,42exp (—03)mNm

Accelerations torque of the Flexbeam-2:

T a(fiexvam—2)=Jworm Xworm = 2,9 €Xp (— 08) kg-m’-9,42 @: 2,73exp(—07)Nm=2,73exp (—04)mNm
s

4.4 Efficiency of the worm gear

The Efficiency of the slit lock fork worm gear is equal to point 2.4 in this report. It was accepted that
there is no significant difference between a gear ratio of i = 120 and i = 80.

4.5 Conclusion

— ]
Tstan_ T a(wheel) +Tsf +Ta(worm)+ Ta(rotor) + Mfriction(L1 +L2)+Ta(ﬂexbeamf2)

T otwheed T Mtiction(La+L4) _3,54exp(—02)mNm+1,59 exp(—02)mNm

T, oo =
atuheel) 1.z 80-0,65

=9,88 exp(—04)mNm

The value of the calculated starting torque, as shown in the following result, is required to
accelerate the worm gear of the slit lock fork. This result describes the movement of the fork in the

moment before contacting the slit mount:

T =1,78exp(—02)mNm

start
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