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ARGO Overview

Advanced Regolith Ground Operations

A system of capabilities ASSHT l‘

. ASSIST -
* ARGO Gantry
* Cryo Shrouds

* Mini & Mega
* Power Systems

e 15kW PSUs
* Induction

* Data Acquisition
* Implements

e Extruder
e More to Come!
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ASSIST Chamber

Atmospherically Sealed Simulator for In-situ System Testing (ASSIST)




ASSIST Chamber

Atmospherically Sealed Simulator for In-situ System Testing (ASSIST)

 Features

304 SS CHAMBER

. . 58" W X 58" H X 46.

— Dedicated dirty chamber 0455D0OR, HEAB AP
. . 8X 1000 LB CLAMPS -~

— Large Internal Dimensions (1.5m x 1.5m x 1.2m) D&

— <102 Torr to 1 Atm Pressure Range (Turbo TBC) 2RV (D

4X PILLOW PLATED
/ PLATES ON OUTER
- WALLS FOR WATER
N

— External Water Cooling for Chamber Walls
— 10" Diameter Quartz Viewport (Top)
— 2X Front Windows or 1xGlass + 1xIR Viewport

CARBON STEEL FRAME,
PAINTED LACO BLUE

W2V160 PUMP,
SET ON CASTERS,
INCLUDES 6" HOSE

WATER COOLING
MANIFOLD, INCLUDES
ALL HOSES

VC3500
CONTROLLER
8X LEVELING CASITERS,

AVERAGE FLOOR PRESSURE: 296 PSI
MAX WEIGHT PER CASTER: 2200 LBS




Fast Testing (MMPACT)

* Fast rough pump down rate
* 4x4” bolting grid

* High and Low Watt PSUs
w/Feedthroughs

e Significant Filtration
* Vents Outside of Lab
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Pump Down Rate & Turbo Pump Upgrade

ASSIST Pumpdown Pressure Over Time
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ARGO Gantry

* Designed for XYZ+E Manipulation
* Additive Construction
* Excavation/Site Preparation Tool Demos
 Test Fixture Adjustment w/o Venting
* Load Testing

e Gcode

e T-Slot Mounting
* Mountable Forklift Points

e Dust Tolerant

o




ARGO Gantry - Specifications

Build Volume X/Y/Z
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NASA KENNEDY SPACE CENTER

~754/754/804 mm (~29/29/31 in)

Space Claim Volume
X/Y/Z

~1320/1070/1370 mm (~54/42.8/54 in)

Max Payload 90kg (~200lbs)
(Including Media)
Max Velocity X/Y/Z 100/100/25 mm/s (~4/4/1 in/s)

Max Accel. X/Y/Z

1000/1000/1000 mm/s? (39.4/39.4/39.4 in/s?)

Accuracy X/Y/Z
(% of Travel)

0.033%

Repeatability X/Y/Z
(Due to Lash)

+0.025/+0.025/+0.000 (Z axis orientation makes
lash negligible)

Temperature Range

-10 to 80°C (14 to 176°F).

Cryoshroud/Bed may be colder/hot if motors are insulated.

Dust Tolerance
Measures

Metal Shielding Bands on Carriage Rails

Heated Bed

Ambient to 100°C



Cryo Capabilities

AL600/AL325

* Liquid Helium Refrigeration Loop
* AL600: 600W @80K (Base Temp 25K)
e AL325: 100W@25K

* Cryo Pumping Effect
e <103Torr Pressures
* RGA Confirmed Mostly Water

* Mega Cryo Shroud il DR

* Mini Cryo Shroud




Power Capabilities

* 15KW Output PSUs
* Keysight N8932A - 200V, 210A
e Keysight N8931A - 80V, 510A

e Outlets
e 480V 3Ph 30A (1x)
e 208V 3Ph 60A (3x)
e 120V 1Ph 20A (2x circuits)
e Additional 480, 208, and 120 Throughout Lab

* Induction Coil PSU
* 10KW Output

 Solar Simulator Lamp
e 7.14KW / 280k Lumens (~40 Im/w)
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Relevant Environment Additive Construction Technology




REAC

Relevant Environment Additive Construction Technology

-200°C Wall
e <-90°C Print Surface

* 85% Simulant by
Weight

* Material strength
testing in progress




GalLORE

Gaseous Lunar Oxygen from Regolith Electrolysis

e 1600°C Reactor Temps

 Utilized High-Watt PSUs and
Induction Coil System

* Purge O2 Production with
GN2 Just Before Pump

* MRE project to integrate




Thank You for Listening

Contact info: AN



mailto:Evan.a.bell@nasa.gov

Backups = -
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ASSIST Performance Pump down Log

Time Time (Elapsed) | Pressure (Torr)
p 10:30:00 AM 0:00 760
3 10:35:00 AM 0:05 110
4 10:40:00 AM 0:10 20
5 10:49:00 AM 0:19 0.84
6 11:00:00 AM 0:30 0.12
7 11:06:00 AM 0:36 0.07
11:17:00 AM 0:47 0.04
11:29:00 AM 0:59 0.03
11:41:00 AM 1:11 0.026
' 12:03:00 PM 1:33 0.022 Vo N
p 12:23:00 PM 1:53 0.021 g
13 12:46:00 PM 2:16 0.02 /P ‘”A — ’ ’ _
1:28:00 PM 2:58 ! b 7 SO
1:39:00 PM 3:09
2:15:00 PM 3:45
3:00:00 PM| 4:30]




AL600 Cryorefrigerator Capacity Curve C\AIA N AD WWINDI= %,

700

AL325 Cryorefrigerator Capacity Curve )
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Structural Analysis Summary

General (KSC) - KO000466712-GEN, REACT STRUCTURAL
ANALYSIS REPORT, 22264, -.1 (nasa.gov)

Structural Analysis Description MoS (or FS When Notated)

X-Carriage Forces and Moments (90 kg payload) 0.02

Gantry X, Y, & Z Carriage Loads FEA (90 kg payload) 0.02

Payload Mounting Screw Loads 1.3

Hopper Loading FEA 32 |
Forklift Beam Loading 0.11 IU
Stepper Motor Selection X/Y 3 (FS)

Stepper Motor Selection Z 4 (FS)



https://kddms.ndc.nasa.gov/Windchill/app/
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Gantry Analysis
Gantry System Specs
High Level Development Doc for the Gantry to pick out key loads and hardware specs.
Sreq:=100 MM _3.04 Top Speed. Per Req #1.1.2
S S
Qyeq:=1000 m:n =394 g Top Acceleration. Per Req #1.1.3
S S

M payioaa=90 kg Over-estimated Mass of Payload Attached to
the Carriage

M corriage =15 kg Mass of A Single Nook Actuator




X-Carriage Forces and Moments \alA A A s |

The highest force and moment loads are likely to be seen by the X-axis due to how the Loads are applied to the skeletal model based on system acceleration and gravity loads on the
payload is mounted and that it is a single carriage where as the Y-axis and Z-axis are multiple. X and Y Axis. The load values are shown below. The system is constrained at the bottom of
Additional FEA work will demonstrate the loads on all carriages and can be compared to these each Z Axis carriage.
results to verify. 90N
fy N LN I lJ ‘l' 883N
Given system Accelerations, Find Forces For the Given Payload 1 ¢ g Illl' I l l 147N
Az <" Iv" Y9 ¢ I 147N
, ~ v v
Fy=a,00*Mpuyi0aa=90 N Force on the X-Carriage Due to the « s ' v I lll
Payload Accelerations I LA
\ 2
v
Fy payioad™=9*Mpayioaa=883 N Force on the X-Carriages Due to Payload ACCELERATIONS GRAVITY
I Mass LOADS LOADS
Fy=a,00*M pyinge =15 N Force on the Y-Carriages Due to t‘he * *
Payload and X-Carriage Accelerations
F, carriage’™=9* M oarpiage=147T N Force on a Carriage Due to Its Own Mass * * * *
X-Carriage Forces and Moments _ | The resultant forces and moment loads at each carriage joint are shown below in black and
Fy:=90 N carnage Loca the maximum allowables for the gantry in blue. The corrdinate system shown is local to the
Fyi=g+Mpyy,q=883 N N individual carriage.
FZ =90 N
AY:=275 mm i
AZ:=50 mm ;
My:=(Fy+AZ) + (F7+ AY) =69 N-m |
My:=Fy+AZ=5N-m |
A’IZ:=Fx'AY=25 N-m E
Fx (N) Fy (N) Fz (N) Mx (Nm) My (Nm) Mz (Nm) |
X Carriage 90 800 | 880 | 900 90 | 1000 [ 68 125 4 120 25 % |
800 125 ;
Foow=| 900 | N M, .:=[120 N-m i
1000 90 Y Carriage 51 800 | 140 | 900 | 640 | 1000 [ 97 125 42 120 1 90 |
Fallow i
1 Z Carriage 550 | 800 45 900 82 | 1000 5 125 98 120 54 90 |
MoS := —1=0.02 !
4 A 0909000 e S SN SN S [ E— S S N S I |




Payload Mounting Screw Loads

The Payload is mounted to the carriage using three screws: two on the bottom of the carriage
mounting plate and one on the top of the mounting plate. In a worst case loading scenario it
is assumed that all loads are creating shear and tensile loads in the single top mounting
screw. This calculation find the resultant stress in that screw. The bracket is used as a lever
arm to resolve moment loads into tensile loads in that screw. The two other screws are

ignored.

O erew 55°=T0 ksi=483 MPa Tensile Stress of 18-8 SS M6x1mm screw
Mcmaster-92125A239

TSA, e Mex1:=20.1 mm” Tensile Stress Area of M6x1mm Screw

Given system Accelerations, Find Forces For the Given Payload

Fyi=0,00* Mpayioaa=90 N Force on the Mounting Plate Due to the
Payload Accelerations
Fy vaytoad™=9* Mpayioaa =883 N Force on the Mounting Plate Due to

Payload Mass
AY :=275 mm AZ:=50 mm

X-Carriage Forces and Moments

FX:ZQO N

FY :=g'A<[Payload=883 N

Fy,:=90 N
My:=(Fy-AZ) + (Fz+ AY) =69 N-m
My=Fy-AZ=5 N-m
My:=Fy-AY=25 N-m

Ly Geery=T78 mm X Distance from mounting screw to edge of
bracket
Ly gpeny=130 mm Y Distance from mounting screw to edge of
bracket
Fy+Fy+F
G re= u — 53 M Pa,
TSAscrf.‘u.!_.M 6X1
Ly g reu L Serew L SeTe
Y Serew + X Screw + 'X_Screw —45 MPa

TSAs(:reuL.v\-‘I 6X1 TSAscreu.lJ\ 16X1 TSAscrf:wJ\ 16X1

Typ = V 0’2 ‘|"l'2 =69 MPa

a 9
MoS:=—"58 _ 113

3 oyym




Hopper Analysis

Planar Constraints at Support Plates

Pin Constraints at Fasteners’ Bearing Surfaces
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Hopper Analysis

Planar Constraints at Support Plates

Pin Constraints at Fasteners’ Bearing Surfaces
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Hopper Analysis

PETG Filament
4.995¢-01

Tensile Strength @ Yield (MPa) 4.500e-01

Ty 4.000e-01

50 MPa 3.500e-01
Scale 2.2565E+02 3.000e-01

Loadset:LoadSet1 : REACT-HOPPER-SQUARE ; 2.500e-01
2.000e-01
1.500e-01
1.000e-01
5.000e-02
4.491e-05




Forklift Beam Loading

The gantry is lifted by a front and rear forklift point. This point is a stainless steel box tube
that runs the width of the gantry. The boxtube is also supported by additional gusset plates
and box tubing. For this calculation the additional supports are ignored and the box tube is
treated as a simply supported beam with two loading points that split the weight of the
gantry. The forklift can lift from any point along the beam, but here it is assumed to be in a
worst case positioning, as far in as possible for the two prongs. The calculation also assumes
that only 2 points of contact occur and ignores the second forklift beam.

A A
Q
v

L

\ 4

A

A

[o [

) 5

E,3017=28000 ksi=193 GPa

O 304 := 73200 psi=505 MPa

mass:=100 kg+90 kg=190 kg

masssg

P:= =932 N
L:=1.392 m
a:=0.496 m

h:=1.25 m=31.8 mm
h':=1.01 tn=25.7T mm

A:=h* —h'* =349.935 mm?
hd —hM

[=—"" —(4.859.10") mm"
12

M, ..:=P+a=462.080 N-m

S"m =P=931.632 N

Modulus of Elasticity of 304 Stainless
Ultimate Tensile Strength of 304 Stainless

Estimated Maximum Mass of the System with a 90kg (198lb)

Payload. (7x7kg carriages and margin + 90kg Payload)

Forklifted Weight. Load is split between three
points of contact.

Outer Height of Square Tube
Inner Height of Square Tube

Area of Square Tube

Area Moment of Inertia of Square Tube

Max Moment Load

Max Shear Load

M1na.:z: ¢ (%)
=151 MPa
I
Snuu:
=2.7T MPa
A

Max Tensile Stress




X/Y-Axis

Find Acceleration Load on X&Y

Fioaa*=Mpayioad* Greq=90 N Acceleration Load on X&Y
Motor Selection (X-Axis/Y-AXxis) Db Coef. Eriction Efficenciy
Ball_Pitch 10=10 _ "= w;=1.22 L= 0.9

Torque During Accel: 53N*cm
. T = =3.1 N-cm riving Torque for Given
Speed:600rev/min 2t pccearaton

Trunning = Ball_running=>50 N-cm Torque Needed to Move the
P s e o) Payload at Constant Velocity
PULL OUT TORQUE CURVE OF 34HE31-6004S gt il (Ball Screw = 0.5Nm)
450
w B Txer = Tioad + Trunning= 53 N -cm Tota_l Torque to Accelerate the
Carriage and Payload
350
™ Sreq xery =100 mm System Required Velocity
g ’
g 200 S, : rev
- = rea XY _gop — Rotational Velocity
Ball_Pitch_10 min
100
50
00 5 10 15 20 25 30 35 40 e R B At 600 RPM and 48V the 34HE31-6004S Stepper

FREQUENCE (KPPS) Motor can Achieve a Torque of 160 N*cm. This is

greater than required

0 150 300 450 600 750 900 1050 1200
SPEED (RPM)

40
40
%0
x0
30
#0
10
”®o
s
0

FS::M=3

Txesy




Z-AXis
Find Vertical Acceleration Load

Massyy=3+(15 kg)=45 kg Mass of Carriage System for one X and two
Y carriages

Alternative Motor Selection (Z-AXIS) stttk Mass o Evenytin o the X A

Load to Accelerate the System Upwards
=365 N Split Between the 4 Legs.

_ Mugtar* (9+ req)

Torque During Accel: 60N*cm s i
S peed . 3 7 5 rev / m i N Screw Pitch Coeff. Friction Efficencty

mm

ACME_Pitch_4=4 wp=1.22 Pacup="0.4
rev
Driver: DM860T  Voltage: 48/60v ~ —*— 48V F +ACME _Pitch_4-w
e Microstep: 2000  RMS: 6A —=- 60V Tload = Z-L°°d2000 —~ = =0.011 N-cm Driving Torque for Given
*THacme Acceleration

450

400 Trunning=ACME_running=60 N.cm Torque Needed to Move the

S5 Payload at Constant Velocity

(Lead Screw = 0.6Nm)

£ 300
Z 250 T2=Tipad+ Trunning=60 N-cm Total Torque to Accelerate the
3 Carriage and Payload
g 200
e

150 § Sreq z=25 zm Max Speed of Z Axis

100

S,
i wyi= 2 =375 1 Rotational Velocity
o ACME _Pitch_4 min
0 5 10 15 20 25 30 35 40
FREQUENCE (KPPS) »
PALOMTIRNECIECF e IO BT e At 375 RPM and 48V the 34HE31-6004S Stepper

Motor can Achieve a Torque of 250 N*cm. This is

greater than required 60 N*cm
SPEED (RPM)

_ 250 N-cm
_—Tz

FS: :4




Wire and Wire Bundle Calcs

General (KSC) - KO0O00466735-GEN, REACT ELECTRICAL
ANALYSIS REPORT, 22264, -.1 (nasa.gov)



https://kddms.ndc.nasa.gov/Windchill/app/

Calculate Worst Case Heat Load Due to Transmission Lines
A ire_Stepperi=6 amp Current Load on Stepper Motor Wire

Verify Wire In Vacuum Can Radiate Heat Faster Than Power Transmission Creates

Heat Current Load on Heater Wire

Awire_Heater =3.5 amp

Identify the Diameter and Cross-Sectional Area of Each Transmission Wire in the E-Chain
There are 16 Stepper Wires, 16AWG

B o e :=R’,,,,-,e_gteppe,s-A,,,,-,e_S,eppe,2 =0.8 m Heat Load on a Stepper Motor Wire

W
2
Q'in_wire_Henter = R’wire_Heafcrs - Awire_Heatcr =04 ;

Doyive Steppers=0.0508 in=1.29 mm

D . :=0.0403 in=1.024 mm Heat Load on a Heater Wire

wire_Heaters *

There are 3 Heater Wires, 18 AWG

D, e 7S :
CSAwire_Steppers = (M) =1.308 mm2

Broms Fregin fren G A S ior Wi Calciulate Radiative Loss from Wire Insulation at Worst Case Temperature

2
eprrp:=0.92 Emissitivty of PTFE (Teflon)

Dwire Heaters 2 2 c .
CSAire Heaters™= f 1=0.823 mm Cross Stection Area of A Heater Wire
Max Rated Temperature of E-Chain

(Mcmaster-5608K71)

mar

T s chaini=265 “F=402.6 K

Find the Resistivity of Copper at the Max Wire Temperature
T =200 °C=473 K Temperature Rating of Wire

mazx_insu’

Peu rep=1.7-107" 2.m Reference Resistance of Copper (20 C)

T,.;:=20 °C=293.15 K

TE,

Reference Temperature for Copper
Resistance

Temperature Coeff. of the Resistance of
Copper

1
0i=0.004041

Peu_150°=Peu_ref* (1 +a,. (an:z:_imm_Trf:f)) = (2937. 10—8) 2-m

Peu_150

, n
R wire_Steppers ‘= CSA =0.022 —

m

Resistance of a Stepper Power Line
wire_Steppers

, Peu_a50 2
R wire_Heaters ‘= m—

=0.036 — Resistance of a Heater Power Line

wire_Heaters m

Dirwu_Steppers :=0.08 =m=2.0 mm

Outter Diameter of Stepper Motor Wire

D;,c Heaters:=0.069 in=1.8 mm Outter Diameter of Heater Wire
Dinsu € s 1 . )
Ao Steppersi=2 T (ﬁ] =63.837 —-cm’ Surface Area Per Unit Length of Stepper
2 m Motor Wire
D, insu_Heaters 1 9 .
Ajon Heater =2 To| ——————|=55.06 —+cm Surface Area Per Unit Length of Heater
) 2 m Wire

Q'out_wire_Stepper *=Ainsu_Steppers* EPTFE* T * (Tm_m‘ = m_dm.‘n4) =8 o

le_mjm = 'Awuu_H cater* EPTFE* T * (Tm_ml _ Tm_chm'n‘ ) =7 =

Finally, Show that the Q per Length In is Lower than Q per Length In

’
Ot

MoS':= w —_1=9
Q mn_wire_Stepper

’
Mo§ =2 2uwire Healer 5
Q in_wire_Heater

g

w

w
m



Verify E-Chain In Vacuum Can Radiate Heat Faster Than All Power Transmission
Creates Heat

Calculate all heat transfer per unit length into the E-chain. For the 4 stepper motors, there are
16 wires, but only half of them will be powered at any given time. For Heater Wires assume al/
6 lines are powered.

Q'in_Echain= (( 126) S0 ste,,pe,) + (6 Qs wire Heater) =9 w Heat Load on E-Chain from All Wires
- - - - - m

Calculate the radiative losses E-chain per unit length

h:=1.5 mm=38.1 mm E-Chain Height
b:=2.4 in=60.96 mm E-Chain Width
2
Afchain=2 h+2 b=0.198 m. Surface Area Per Unit Length of E-Chain
m
€gg:=0.2 Emissitivty of Stainless Steel E-Chain
Shell

T

maz Echain'= 265 "F=403 K Max Rated Temperature of E-Chain

(Mcmaster-5608K71)

T hamber =72 °C =345 K The ASSIST Chamber Will be Room
Temp or Lower

Q'out Echain =AEchain -em-o'-(Tm  Fehain’ —Tm‘)=125 w Heat Loss on E-Chain
M from Radiation

Finally, Show that the Q per Length In is Lower than Q per Length In

Q,cmt_Echain

MoS = —1=13

Q’in_Echain



Gantry Carriage Loads ’ |
Gantry — Nook DLK120/DLT120 W

Loads Shown are Labeled Based on Carriage
Local Axis System

90 kg Payload

X Carriage 90 800 880 900 90 1000 68 125 4 120 25 90

Y Carriage 51 800 140 900 640 1000 97 125 42 120 1 90

Z Carriage 550 800 45 900 82 1000 5 125 98 120 54 90




X Carriage 90 800 880 900 90 1000 68 125 4 120 25 90
Y Carriage 51 800 140 900 640 1000 97 125 42 120 1 90
Z Carriage 550 800 45 900 82 1000 5 125 98 120 54 90
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Print Microcontroller (MCU) 1: SKR-1.4
Vacuum Chamber

¥

. Z-Axis

, Steppers (4)
¥

- Y-Axis
A Steppers (2)

Stepper Drivers (DM860I)

o - < - g‘t‘ \gsh \g‘sﬂ
I\ R N R ' s . o ' o '

»
— z
o aspberry Pi 4 Print Computer
o ]
whd Z-Stop
: 60 VDC Supply
(@) 5VDC USB-C | Y-Stop
o 110 Bed TC(s)
- DC-DC
(@) ____|Converter X-Axis BT ™
I — Stepper
.E 24VDC Supply | PP Bed Heater
wid Pellet Feeder
: Stepper
(1|
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Wires in Z echain N wires Gauge (awg) cond dia (in) i(?ns)ulator gis R/IA?X Current ea
f’z‘;’)teppers (extruder+x | ¢ 16 0.0508 0.08 6.0

3 KTCs 6 20 TBD 0.06 0.0

3x heaters (E) 18 0.0403 0.069 3.5

2x limits (x+y) 4 20 (or smaller) | 0.032 0.058 0.0

Total 32 bundle size 0.407

Length (m) 5.5




Motor Selection (X/Y-AXxis)
NEMA 34 — 86x86x80mm
6.0A, 48V -

Driver: DM860T  Voltage: 48/60V

PULL OUT TORQUE CURVE OF 34HE31-6004S Microstep: 2000 RMS: 6A i
450
400
350
— — — 300
STEPP=RONLIN= E
<
Z 250
w
! |
Home > Nema 34 - 86 x 86mm > E Series Nema 34 Stepper Motor Bipolar 1.8deg 4.8 Nm(679.870z.in) 6.0A 86x86x80mm 4 Wires g 200 2 5 O N C m
- \~

E Series Nema 34 Stepper Motor Bipolar 1.8deg 4.8 150
Nm(679.870z.in) 6.0A 86x86x80mm 4 Wires

1 reviews | Write a review 100

SKU’:VS;HE31-6004S 50 : 3 75 R P M

$33.21
Bulk quantity price break: 0
0 5 10 15 20 25 30 35 40

o ° " * 100 FREQUENCE (KPPS)

Price $32.38 $31.54 $30.71 $29.87

Save 2.5% 5.03% 7.53% 10.06%

I 0 150 300 450 600 750 900 1050 1200
Availability: 40
* Ship from SPEED (RPM)

China Germany  United Kingdom  Australia
EREREREERE ADD TO CART RN

Report error / Notify inventory / Request bulk price

I O CEm

PAVBET 6.




