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Comparison of Open-Source Desktop CNC Mill

Designs

Open-Source Hobby CNC Mill Designs (15 Examples)

The table below surveys 15 distinct open-source or hobbyist desktop CNC mill designs relevant for PCB
milling, woodworking, and light metal machining. For each design, key attributes are given: Name & origin
(with project link and last update), frame/structure, motion system, spindle/router options, electronics/
control, performance specs, bill of materials & cost, common build issues (with fixes), assembly time/skill,
upgrade/modularity features, and 1-5 ratings for rigidity, cost-effectiveness, ease of build, and modularity.
(See the rightmost columns for the 1-5 ratings.) All designs are open-source (plans or source files available)
and can be built in a well-equipped DIY workshop.

Design Name

. Motion Spindle/Router Electronics & Performance
(Origin & Last Frame / Structure )
Components Options Control Specs
Update)
Supports trim
PP Likely GRBL or
routers or )
. LinuxCNC-based .
Lead screws spindle up to Precision
controller; open-
. on all axes ~1 kW. Features ~+0.05 mm
Aluminum frame . source control
, ) (high- a custom (expected, not
(interlocking plate . . software .
) i precision automatic tool explicitly stated -
construction) with . (OpenLab OLOS) e
o trapezoidal changer (10- similar class
rigid enclosed . used across . .
OLSK Small . screws or ball tool magazine) . machines achieve
cabinet; . . OLSK machines
CNC V3 (Open screws); linear 4 with . 50-100 pm 6 ).
) ~400%x500%140 mm . ) ) 5 . Typical ) X
Lab Starter Kit) guide rails on pneumatic tool- , Designed for high
i work volume 2 . setup: Arduino/ . .
- GitHub repo, Compact aantr X/Y for clamp GRBL or similar repeatability with
updated Mar 13, pactg y accuracy. Anti-  mechanism ATC. Cutting area

2025 1

and short Z-axis
for stiffness.
Optional full
enclosure (reduces
noise/dust).

backlash nut
onZ.
Inductive limit
sensors for
repeatable
homing 3 .

(one of the first
open-source
ATCs). Includes
tool length
sensor, auto bit
cleaning, and

coolant system
4

with custom
macros for
toolchange.
Touchscreen
interface
provided (as
seenin
prototype).

~400x500 mm;
capable of PCB
trace milling, wood
carving, and
aluminum milling
(with coolant).


https://chatgpt.com/?utm_src=deep-research-pdf
https://chatgpt.com/?utm_src=deep-research-pdf
https://github.com/Open-Lab-Starter-Kit/OLSK-Small-CNC/commits/main/#:~:text=Commits%20on%20Mar%2013%2C%202025
https://www.inmachines.net/open-lab-starter-kit#:~:text=Desktop%20CNC%20milling%20machine%20with,sensors%20and%20an%20optional%20enclosure
https://www.inmachines.net/open-lab-starter-kit#:~:text=frame%20has%20a%20milling%20volume,sensors%20and%20an%20optional%20enclosure
https://github.com/Open-Lab-Starter-Kit/OLSK-Small-CNC#:~:text=,Coolant%20System
https://github.com/Open-Lab-Starter-Kit/OLSK-Small-CNC#:~:text=,Coolant%20System
https://newproductioninstitute.de/en/openlab-starter-kit-4#:~:text=240%20mm%20x%20240%20mm,cutter%20with%20a%20cutting%20width
https://cdn11.bigcommerce.com/s-itwgldve/openbuilds-minimill/#:~:text=Drive%20System%3A%20Lead%20Screw%20Driven
https://github.com/Open-Lab-Starter-Kit/OLSK-Small-CNC#:~:text=All%20OLSK%20machines%20are%20open,to%20provide%20a%20smooth%20assembly
https://github.com/Open-Lab-Starter-Kit/OLSK-Large-CNC#:~:text=GitHub%20,The%20Assembly%20Manual
https://github.com/Open-Lab-Starter-Kit/OLSK-Small-CNC#:~:text=All%20OLSK%20machines%20are%20open,to%20provide%20a%20smooth%20assembly

Design Name

. Motion Spindle/Router Electronics & Performance
(Origin & Last Frame / Structure .
Components Options Control Specs
Update)
Motion on all
axes via Interchangeable
printed slides tool modules
Fully 3D-printed and common via fully 3D-
frame hardware printed live
components (low-cost). toolchanger. Distributed Resolution
("highly Uses linear Toolchangerisa  control: employs ~ ~0.05 mm (the
fabricatable” rod or rail pseudo- OSAP design claims
design) 9 using substitutes kinematic networking for 0.25 mm feature
PLA or PETG; made from 3D  coupling modular size capability,
Clank Modular  lightweight but printed parts (French-cleat controllers 13 . 0.05 mm resolution
CNC (MIT CBA reinforced by (no costly style) with a Typically uses an 14). In practice,
“Machines That design geometry. linear rails). high-stiffness Arduino/ESP32 rigidity is limited by
Make") - Project ~ Two variants: GT2 belts or clamp 11 . per module with printed parts -
site (active 2022)  Clank-Stretch (wide threaded rods Modules include  custom firmware  suitable for PCBs,

9 flat format) and used a DC spindle (open-source). acrylic, light wood.
Clank-Tall (taller dependingon  (~200-300 W Compatible with Metal milling only
3D-printer style) axis/module. generic motor) standard G-code in very soft

10 , Frame uses NEMA17 12, a mount senders but also materials (brass/
minimal off-the- steppers for a Makita supports “no PC"  aluminum with very
shelf hardware (to standard. RT0701 router control via OSAP.  shallow passes).
enable local Backlash 12 (for heavier
fabrication). handled via routing), a pen

printed anti- plotter, 3D print
backlash extruder, etc.
couplers.


https://clank.tools/#:~:text=Building%20Clank
https://clank.tools/#:~:text=Building%20Clank
https://clank.tools/#:~:text=Clank%20is%20a%20highly%20fabricatable%2C,the%20MIT%20CBA%20MTM%20Project
https://clank.tools/#:~:text=The%20Tool%20Changer
https://clank.tools/#:~:text=,9
https://clank.tools/#:~:text=,9
https://osap.tools/#:~:text=The%20Open%20Systems%20Assembly%20Protocol,computer%20plumbing%20and%20hardware%20heterogeneity
https://clank.tools/#:~:text=Image%3A%20hero
https://clank.tools/#:~:text=Building%20Clank
https://clank.tools/#:~:text=The%20machine%20platform%20is%20entirely,Printer%20used%20to%20fabricate%20parts
https://hackaday.com/2021/07/13/3d-printed-cnc-knee-mill/#:~:text=While%20the%20machine%20does%20have,other%20workshop%20tools%2C%20including%20a

Design Name

. Motion Spindle/Router Electronics & Performance
(Origin & Last Frame / Structure .
Update) Components Options Control Specs
All axes lead Designed for a
alm router
screw driven P )
(ACME lead (65 mm spindle
screws) 19 : V mount). Work area
Compact wheel I’O||EI:S Commonly used  OpenBuilds ~120 x 180 x 80 mm
aIumFi)num Vslot on aluminum with a Dewalt BlackBox GRBL 24 Positional
extrusion frame V-slot rails for 611 or Makita controller accuracy ~0.05-
(approx. 22°x16” linear motion trim router (included in kit)-  0.10 mm 20 , Rigid
OpenBuilds fozf rin.t o) Anti-backlash‘ (~700 W, 16k- runs standard enough for PCB
MiniMill . P ’ . 27k RPM) 21, GRBL firmware. engraving and
) Fixed gantry, Delrin nut on . . .
(OpenBuilds, moving bed desian  each No automatic Uses OpenBuilds  wood/plastic
USA) - forri igdit c g leadscrew tool change CONTROL carving. Can mill
Community bean?exti/l‘Jsions NEMA23 ' (manual collet software for GUI  aluminum on a
design, circa i swaps). 23 or any small scale (slowly,
form the Z-axis stepper on X,
2017 7 and frame plates NEMA17 on Y/ Community has GRBL- shallow cuts).
P adapted smaller  compatible Limited Z height

are aluminum.
Open, unenclosed
structure.

Z (in stock kit).
Leadscrew
pitch and
microstepping
tuned for
~0.05 mm
accuracy 20 .

300 WDC
spindles for PCB
work, and even
water-cooled
800 W spindles
via adapter
mounts 22 .

sender. Includes
limit switches on
all axes.

(~60 mm stock
clearance 24)
constrains taller
workpieces.


https://builds.openbuilds.com/threads/openbuilds-minimill.9301/page-3#:~:text=OpenBuilds%20MiniMill%20,OpenBuilds%20MiniMill
https://cdn11.bigcommerce.com/s-itwgldve/openbuilds-minimill/#:~:text=Machine%20Accuracy%3A%200.001
https://cdn11.bigcommerce.com/s-itwgldve/openbuilds-minimill/#:~:text=Workable%20Material%20Height%3A%202.5,spoiler%20board%20stack
https://cdn11.bigcommerce.com/s-itwgldve/openbuilds-minimill/#:~:text=Drive%20System%3A%20Lead%20Screw%20Driven
https://us.openbuilds.com/openbuilds-minimill/#:~:text=Not%20Included%3A
https://builds.openbuilds.com/builds/openbuilds-minimill.5087/#:~:text=,shaft%20bits%E2%80%8B
https://cdn11.bigcommerce.com/s-itwgldve/openbuilds-minimill/#:~:text=OpenBuilds%20Control%20and%20CAM%20software,licenses%20are%20available%20for%20purchase
https://cdn11.bigcommerce.com/s-itwgldve/openbuilds-minimill/#:~:text=Travel%20,%28~80mm
https://cdn11.bigcommerce.com/s-itwgldve/openbuilds-minimill/#:~:text=Drive%20System%3A%20Lead%20Screw%20Driven
https://cdn11.bigcommerce.com/s-itwgldve/openbuilds-minimill/#:~:text=Travel%20,%28~80mm
https://www.reddit.com/r/hobbycnc/comments/gkc85q/upgrading_my_minimill_with_spare_parts_in_the/#:~:text=Upgrading%20my%20MiniMill%20with%20spare,I%20can%20see%20deflection
https://builds.openbuilds.com/threads/problems-with-finish-using-mini-mill.12009/#:~:text=Problems%20with%20finish%20using%20Mini,passes%20from%20left%20to
https://builds.openbuilds.com/tags/minimill/#:~:text=minimill%20,machine%20parts%20for%20the%20upgrade

Design Name

. Motion Spindle/Router Electronics & Performance
(Origin & Last Frame / Structure .
Components Options Control Specs
Update)
Equipped with a
All axes ride 1.5 kW water-
on precision cooled spindle
linear rails (ER11 or ER16
Heavy-duty hybrid
Vy-outy .y 30 . Motion collet) 31, ) Very high rigidity/
frame: Aluminum . Uses a generic .
. via ball controlled by a precision for a
extrusion CNC controller .
. screws on X, VFD (as shown hobby build -
structure with . (e.g. GRBL Mega .
. Y, Z for on machine) capable of cutting
3D-printed . — or Mach3 .
minimal ¥ . steel 32 . Working
brackets (red ! interface). Ivan’s
backlash 31 . %) . envelope
PETG parts) 28 . - build uses
Large ~187%163x87 mm
i Resembles a small external stepper ]
“Tiny"” 3D- A . NEMA23 . Speed 0- . 33 . Achieved
. knee mill: moving drivers and a .
Printed CNC stepper 24,000 RPM, milled parts
table (X-Y) on a . ; VED controller
(Mk II) (Ivan . motors drive suitable for . accurate to
) rigid base, and a Z- (visible in image)
Miranda) - . the ball metals and . <0.05 mm.
. axis head on for the spindle.
Personal project, . . Screws, PCBs. Manual o However, the
vertical rails. The , ) No specific open i
2021 28 29 . , enabling high tool changes . printed
table is adjustable torque for (no ATC) firmware components mean
in Z (like a knee) to q . . published, but o, p
metal cutting.  Community it's still not a full
accommodate . . standard GRBL . . .
The spindle builds have also . industrial mill -
taller stock 30 ., . . or LinuxCNC can .
. mount can tilt used trim . extended runs in
Frame reinforced be configured .
. ) for angled routers as a steel require careful
with steel plates in . for ball screws
. milling 30 . cheaper parameters and
critical areas Int ted It tive but and tool offsets. i
ntegrate alternative, bu cooling.
(added in MKII). gratee : J
home/limit the frame is
switches for designed to
repeatability. handle the

heavier spindle.


https://hackaday.com/2021/07/13/3d-printed-cnc-knee-mill/#:~:text=won%E2%80%99t%20stop%20people%20from%20pushing,%28Video%20after%20the%20break
https://hackaday.com/2021/07/13/3d-printed-cnc-knee-mill/#:~:text=of%20,to%20mill%20at%20an%20angle
https://hackaday.com/2021/07/13/3d-printed-cnc-knee-mill/#:~:text=won%E2%80%99t%20stop%20people%20from%20pushing,%28Video%20after%20the%20break
https://hackaday.com/2021/07/13/3d-printed-cnc-knee-mill/#:~:text=of%20,to%20mill%20at%20an%20angle
https://hackaday.com/2021/07/13/3d-printed-cnc-knee-mill/#:~:text=of%20,to%20mill%20at%20an%20angle
https://hackaday.com/2021/07/13/3d-printed-cnc-knee-mill/#:~:text=fixed%20while%20everything%20else%20moves,to%20mill%20at%20an%20angle
https://hackaday.com/2021/07/13/3d-printed-cnc-knee-mill/#:~:text=of%20,to%20mill%20at%20an%20angle
https://hackaday.com/2021/07/13/3d-printed-cnc-knee-mill/#:~:text=fixed%20while%20everything%20else%20moves,to%20mill%20at%20an%20angle
https://www.hackster.io/news/ivan-miranda-s-3d-printed-cnc-mill-is-capable-of-cutting-steel-7cd86bab2f9c#:~:text=CNC%20mills%20are%20usually%20made,that%27s%20capable%20of%20cutting%20steel
https://hackaday.com/2021/07/13/3d-printed-cnc-knee-mill/#:~:text=fixed%20while%20everything%20else%20moves,to%20mill%20at%20an%20angle
https://ivanmiranda.com/products/3d-printed-desktop-cnc?srsltid=AfmBOorG9TuWKt1d1pXvyrgQasgVatR8VGkOoiaxXlF5WG4MWKNnFmW1#:~:text=The%20machine%20cost%20me%C2%A0690%E2%82%AC%20to,even%20a%20lot%20more%20expensive
https://ivanmiranda.com/products/3d-printed-desktop-cnc?srsltid=AfmBOorG9TuWKt1d1pXvyrgQasgVatR8VGkOoiaxXlF5WG4MWKNnFmW1#:~:text=INCLUDED%3A
https://ivanmiranda.com/products/3d-printed-desktop-cnc?srsltid=AfmBOorG9TuWKt1d1pXvyrgQasgVatR8VGkOoiaxXlF5WG4MWKNnFmW1#:~:text=The%20working%20area%20is%20approximately,235x325%20without%20the%20vacuum%20attachment
https://hackaday.com/2021/07/13/3d-printed-cnc-knee-mill/#:~:text=While%20the%20machine%20does%20have,14%20and%20a%20camera%20crane
https://hackaday.com/2021/07/13/3d-printed-cnc-knee-mill/#:~:text=steel,addition%20of%20the%20grounding%20wire
https://hackaday.com/2021/07/13/3d-printed-cnc-knee-mill/#:~:text=steel,addition%20of%20the%20grounding%20wire
https://hackaday.com/2021/07/13/3d-printed-cnc-knee-mill/#:~:text=While%20the%20machine%20does%20have,14%20and%20a%20camera%20crane

PrintNC (V4)
(Community
project,
worldwide) -
Active, v4
released Feb
2024 3

Steel tube frame
(e.g. 50x50 mm or
50%x75 mm steel
tubing) for
maximum stiffness

40 . 3D-printed
jigs/parts used for
assembly
alignment but final
structure is all
metal 41 .
Typically a moving
gantry style
(gantry made of
steel tube). Frame
sizeis
customizable;
common sizes:
600600 mm up to
~1250 mm in one
axis 42 .

Pro-grade
motion
components:
Hiwin-style
linear rails
on all axes (X,
Y, Z). Ball
screws on X,
Y, Zin the
“metalcutter”
configuration
43 (some
builders use
cheaper ACME
lead screws or
belts on one
axis for cost,
but stock
plans favor
ball screws).
Dual stepper
motorsonY
(gantry) for
squaring;
singleon X, Z
44 Uses
NEMA23
steppers (or
NEMA34 for
very large
builds).

Typically uses a
water-cooled
spindle (0.8-
2.2 kW) for
quiet, high-
precision
operation. ER20
collets on

2.2 kW allow
1/2” bits. Air-
cooled spindles
or trim routers
(like Makita) can
be used to save
cost, but a
mounting
adapter and
possibly
additional
bracing are
needed due to
weight
differences. No
ATC by default,
but manual tool
changes
supported with

touch-off probe.

Electronics are
user’s choice:
often an Arduino
Mega with
GRBL_ESP32 or a
32-bit controller
(e.g. Duet or
Masso). Open-
source firmware
(GRBL, Marlin, or
LinuxCNC) with
configuration for
dual-drive
gantry. Many
use external
stepper drivers
(e.g. DM542) for
more power.
CAM workflow
typically via
Fusion 360 or
Vectric, sending
G-code through
a sender like
CNCjs.

High-performance:
Can reliably mill
aluminum and even
mild steel (with
appropriate slow
feeds) 45 .
Reported accuracy
is 0.0X mm (tens of
microns) with
proper tuning 46 .
Rigidity vs size
trade-off: Larger
builds have more
flex - the PrintNC
documentation
urges keeping size
just big enough for
your needs 47 .
Standard metal-
focused size
~625x625 mm work
area gives excellent
rigidity 42 .


https://wiki.printnc.info/en/home#:~:text=carbon%20fiber%2C%20and%20many%20other,materials
https://wiki.printnc.info/en/home#:~:text=URL%3A%20https%3A%2F%2Fwiki,parts%20to%20make%20assembly%20easy
https://wiki.printnc.info/en/home#:~:text=2,you%3F%20Check%20the%20performance%20page
https://wiki.printnc.info/en/v3/planning/sizing#:~:text=cutting%20area.%20Metalcutter%3A%20Uses%20dual,nice%20surface%20finishes%20and%20tolerances
https://wiki.printnc.info/en/v3/planning/sizing#:~:text=cutting%20area.%20Metalcutter%3A%20Uses%20dual,cut%20aluminum%20just%20fine%2C%20it%27ll
https://docs.v1e.com/mpcnc/burly/#:~:text=The%20Mostly%20Printed%20CNC%20,preferably%2042%20OZ%2Fin%20and
https://wiki.printnc.info/en/home#:~:text=to%20ensure%20rigidity%20and%20uses,parts%20to%20make%20assembly%20easy
https://www.reddit.com/r/hobbycnc/comments/k5bkf4/queen_bee_pro_or_printnc/#:~:text=Most%20PrintNC%20builds%20are%20making,be%20pretty%20decent%20so%20far
https://wiki.printnc.info/en/v3/planning/sizing#:~:text=metals%29%20and%20some%20steels,materials%20you%27d%20like%20to%20cut
https://wiki.printnc.info/en/v3/planning/sizing#:~:text=cutting%20area.%20Metalcutter%3A%20Uses%20dual,nice%20surface%20finishes%20and%20tolerances
https://wiki.printnc.info/en/v3/planning/sizing#:~:text=%C2%B6%20Estimated%20Work%20Area
https://wiki.printnc.info/en/v3/planning/sizing#:~:text=metals%29%20and%20some%20steels,materials%20you%27d%20like%20to%20cut
https://wiki.printnc.info/en/v3/planning/sizing#:~:text=cutting%20area.%20Metalcutter%3A%20Uses%20dual,nice%20surface%20finishes%20and%20tolerances
https://wiki.printnc.info/en/v3/planning/sizing#:~:text=desktop%2C%20and%20is%20better%20for,nice%20surface%20finishes%20and%20tolerances

Design Name
(Origin & Last Frame / Structure
Update)

Motion Spindle/Router  Electronics & Performance
Components Options Control Specs



https://wiki.printnc.info/en/faq#:~:text=FAQ%20,will%20need%20some%20practical%20experience

MPCNC
“Mostly
Printed

CNC” (Primo)
(V1Engineering)
- Open source,

latest rev. 2020
51

Mostly 3D-printed
structural parts
connecting
standard metal
tubing. Uses either
23.5mm OD EMT
conduit, 25 mm or
25.4 mm steel
tube for rails
(different printed
part sets) 52 .
Gantry is a dual-
pipe bridge. No
base frame
required - can be
mounted on a
table or board.
Very configurable
footprint (typically
~300%300 mm up
to 900x600 mm).

Belt-driven X
and Y axes
(GT2 timing
belts on each
axis, looped
around
stepper
pulleys). Dual
NEMA17
motors drive
XandY (one
motor at each
end of gantry)
44 single
leadscrew for
Z.7Z uses
8 mm ACME
leadscrew
with brass nut
(or allthread
in older
versions) for
finer Z
control.
Optional
endstop
switches for
auto-squaring
dual axes.

Commonly uses
a rotary tool or
compact
router (e.g.
Dewalt 660 or
Makita RTO700)
as the spindle -
mounted in a
printed holder.
(~600 W, 30k
RPM). Supports
smaller spindles
(e.g. 300 W DC
spindles) for
quieter PCB
milling. No auto
tool change;
users manually
swap bits. Laser
diode
attachments
and drag knives
are also popular
on this
platform.

Runs on Marlin
firmware (8-bit
or 32-bit
Arduino-based
boards, e.g.
Ramps 1.4 or
SKR Pro).
Essentially uses
3D printer
electronics/
firmware
configured for
CNC (with added
CNC features in
V1's firmware
build).
Controlled via
Repetier or
OctoPrint, or a
CNCjson a PC.
Very accessible
for hobbyists
familiar with 3D
printers.

Capable of ~0.1 mm
accuracy in wood/
plastic; ~0.05 mm
has been achieved
on well-tuned
smaller builds. Not
as rigid as metal-
frame CNCs - best
for PCBs, wood,
plastics, and light
aluminum milling.
Aluminum cutting is
doable but requires
very conservative
speeds and
frequent tool
sharpening
(deflection can be
an issue).
Recommended max
DOC in aluminum
~1 mm with a small
(~1/8”) endmill.


https://www.printables.com/model/35181-mostly-printed-cnc-primo-j-254mm-mpcnc/comments#:~:text=Mostly%20Printed%20CNC%20Primo%20J,free%203D%20printable%20STL%20models
https://docs.v1e.com/mpcnc/PParts/#:~:text=MPCNC%20Primo%20Parts%20list%20,Outside%20Diameter%20of%20the%20conduit%2Frails%2Ftubing
https://docs.v1e.com/mpcnc/burly/#:~:text=The%20Mostly%20Printed%20CNC%20,preferably%2042%20OZ%2Fin%20and
https://www.reddit.com/r/hobbycnc/comments/161h4pf/open_source_cnc_recommendations/#:~:text=PrintNC%20is%20the%20closest%20thing,Voron%20in%20the%20CNC%20world
https://builds.openbuilds.com/threads/backlash-issue-on-x-and-y-ox-cnc.5802/#:~:text=Backlash%20issue%20on%20X%20and,the%20single%20or%20double

Design Name
(Origin & Last Frame / Structure
Update)

Motion Spindle/Router  Electronics & Performance
Components Options Control Specs



https://www.reddit.com/r/mpcnc/comments/sv4xtb/have_you_built_an_mpcnc_what_did_you_wish_you/#:~:text=Have%20you%20built%20an%20MPCNC%3F,If%20I%20were

Root CNC
(Root 3 & 4)
(Root CNC
Project, UK) -
Open source,
Root4 released
2020s 56

Hybrid aluminum
& 3D-printed
frame: uses
aluminum
extrusion or angle
for main axes and
3D-printed
brackets for
joining (Root 3).
Root 4 is a heavier-
duty variant with
more printed parts
and optional steel
reinforcements

57 . Generally a
moving gantry
router design.
Noted for being
scalable in size;
often built
~300%400 mm to
1000 mm+ range.

Root3: uses
chrome rods
and linear
bearings or V-
wheels on
aluminum
angles for
motion
(depending
on builder's
choice). Lead
screw drive on
Z, GT2 belt
drive on X and
Y (dual belts
or belt +
pulley
reductions to
improve
stiffness) in
many builds.
Root4
introduced
options for
linear rails
and ball
screws for a
“pro” build

57 . Standard
NEMA17
motors
(NEMA23 on
larger Root4
builds).

Typically uses a
compact router
(e.g. Kress,
Dewalt or
Makita) for
simplicity. The
design
accommodates
a52 mmor

65 mm
diameter
spindle mount
via printed
adapter. Users
have also fitted
800 W Chinese
spindles on
larger builds.
No automatic
tool change;
manual
changes with Z-
probing is
common.

Controller is
user's choice;
many use
Arduino+GRBL
or a RAMPS/
Marlin setup
(since the
project
originated in the
3D printing
community).
Wiring
provisions for
endstops are in
the design. The
project wiki
provides basic
GRBL setup.
Some advanced
builders use
Raspberry Pi
running CNCjs
or other GUIs for
convenience.

Better than MPCNC
but not as rigid as
all-metal designs.
Fine for wood,
plastics, PCB
engraving.
Aluminum
possible in Root 4
with careful
settings -
community
feedback suggests
achieving ~0.1 mm
accuracy after
upgrades. One user
noted Root would
“give experience
but would be a
disappointment to
use [for heavy
aluminum]” without
upgrades 58 .
Root4 addresses
many flex points
with stronger parts.


https://github.com/RootCNC/Root-4-CNC#:~:text=RootCNC%2FRoot,common%20parts%20for%20it%20design
https://github.com/RootCNC/Root-4-CNC#:~:text=RootCNC%2FRoot,common%20parts%20for%20it%20design
https://github.com/RootCNC/Root-4-CNC#:~:text=RootCNC%2FRoot,common%20parts%20for%20it%20design
https://www.reddit.com/r/hobbycnc/comments/106jflb/printnc_vs_rootcnc_3_or_4_vs_3d_printed_diy_cnc/#:~:text=PrintNC%20vs%20RootCNC%203%20or,Aluminum%20angle%20and
https://github.com/RootCNC/Root-4-CNC#:~:text=RootCNC%2FRoot,common%20parts%20for%20it%20design
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Cyclone PCB
Factory
(RepRap
community
project, Spain) -
Open source,
last major rev.
2014 (v2) 59

Primarily 3D-
printed frame
(mostly printed in
ABS/PLA) with
threaded rod
supports. Small
boxy design ~PCB
size

(~200%x150 mm
foot print). The
frame uses M8
threaded rods as
the linear guide
supports and
structural ties
between printed
corner pieces. Very
compact, desktop-
friendly.

Leadscrew-
driven axes:
M5 or M8
threaded rod
forX,Y, Z
(with printed
bearing
holders and
nuts). Linear

Uses a Dremel
rotary tool or

i similar small
motion on
high-speed
smooth rods -
) spindle. The
with LM8UU L
. . mount is sized
bearings in
) for Dremel 3000
printed )
seriesora
holders. .
Proxxon drill.
NEMA17
(~200-300 W,
motors on all
30k RPM). Some
axes.

Designed for
fine

builders adapt
cheap 200 W DC
spindles. No

resolution
. tool changer -
needed in )
o intended for
PCB milling ) :
PCB isolation
(small .
routing and
leadscrew . .
. drilling with
pitch for .
L manual bit
precision). CWaDs
Backlash P

addressed via
spring-loaded
nuts or simply
minimal play
in threads

60 |
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Typically run by
an Arduino GRBL
controller (e.g.
Arduino UNO +
CNC shield) -
simple 3-axis
control. GRBL
settings tuned
for fine steps per
mm due to
threaded rods.
Many use bCNC
or Chilipeppr to
send G-code,
often from
FlatCAM for PCB
toolpaths.
Endstops
optional;
homing usually
manual or via
copper PCB
auto-probe.

Special-purpose:
Achieves very fine
PCB trace milling
(down to ~0.2 mm
trace/space).
Repeatability

~0.05 mm if well
built. Not meant for
heavy cutting -
struggles with
anything harder
than acrylic or thin
aluminum (some
have done front
panel engraving in
aluminum, but very
shallow). PCBs (FR1/
FR4) and engraving
are its sweet spot.


https://github.com/CarlosGS/Cyclone-PCB-Factory#:~:text=CarlosGS%2FCyclone,others%3A%20More%20robust%20design
https://www.instructables.com/Cyclone-PCB-Factory-My-Way-Step-by-Step/#:~:text=CNC%20Cyclone%20PCB%20Factory%2C%20My,electronic%20with%20new%20one
https://www.instructables.com/Cyclone-PCB-Factory-My-Way-Step-by-Step/#:~:text=CNC%20Cyclone%20PCB%20Factory%2C%20My,electronic%20with%20new%20one
https://github.com/CarlosGS/Cyclone-PCB-Factory#:~:text=CarlosGS%2FCyclone,others%3A%20More%20robust%20design
https://groups.google.com/g/cyclone-pcb-factory#:~:text=Cyclone%20PCB%20Factory%20,It%27s%20two
https://www.instructables.com/Cyclone-PCB-Factory-My-Way-Step-by-Step/#:~:text=CNC%20Cyclone%20PCB%20Factory%2C%20My,electronic%20with%20new%20one

Mantis CNC
(Mike Estee, V1
~2009) - Open
plans, last
update 2010s

Birch plywood
frame (or MDF)
assembled in a
torsion-box style.
The Mantis is a
small (~8”x8”
footprint) open-
frame gantry mill.
The base and
gantry sides are
cut from wood on
a laser cutter or
CNC, and slots/
tabs ensure
orthogonal
assembly. Light
and stiff enough
for PCB routing.

Uses
inexpensive
threaded rod
drive: 1/4”-20
threaded rod
or M8
threaded rod
onX, Y, Zaxes
with
scavenged
nuts for lead
nuts. Slide
mechanisms:
either drawer
slides or
smooth rod
with bushings
for linear
motion (the
original
Mantis had
bronze
bushings in
wooden
carriers on
steel rod). All
axes driven by
NEMA17
steppers via
couplers to
the threaded
rods.
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Designed for a
Dremel or
Proxxon rotary
tool as the
spindle
(mounted on
the Z plate). The
spindle is low-
power (~100-
200 W) but
sufficient for
PCBs, plastics,
and light wood
carving. No
spindle control
(on/off
manually).
Manual tool
changes;
primarily
intended for
1/8” or smaller
endmills and
engraving bits.

Often run from
an Arduino-
based GRBL
controller or
older parallel
port CNC
controller. Very
minimal
electronics - just
3 stepper drivers
(e.g. EasyDrivers
in early builds).
No homing
switches in
original design -
you “eyeball”
home or use
fixture jigs.
Simplicity was
key: a beginner
could wire it with
an Arduino and
some Pololu
A4988 drivers
easily.

Precision was
modest: about
+0.1 mm
achievable, limited
by wooden frame
flex and threaded
rod backlash. Good
enough for
through-hole PCB
layouts and rough
outline milling.
Known limitation:
Z-axis had some
flex due to the two
plywood plates
linkage 63, so
depth accuracy
could vary

~0.1 mm. Cutting
area around 4”x6”.
Not meant for
metals beyond
engraving PCBs.


https://news.ycombinator.com/item?id=2749554#:~:text=This%20is%20a%20TERRIBLE%20cnc,they%20will%20bend%20like
https://news.ycombinator.com/item?id=2749554#:~:text=,they%20will%20bend%20like

Sienci
LongMill
(LongMill MK1,
2019 - 0S
Hardware) -
Open-source
hardware (MK1),
MK2 in 2022 65

Rigid aluminum
extrusion frame
with steel gantry
plates. It's a larger
benchtop router
(available in
12”x30”, 30”x30”
sizes in MK1).
Gantry is a single
heavy extrusion;
the bed is typically
a plywood or MDF
spoiler on
aluminum rails. V-
wheel rollers on
extrusions for all
linear axes. Frame
can be bolted to a
torsion box base
for stiffness.

Lead screw
drives on all
axes: ACME
3/8”-8 four-
start lead
screws with
anti-backlash
Delrin nuts on
Xandy;
single-start
1/4”-16 ACME
on Z for finer
control. Dual
Y-axis motors
(one on each
side) driving
two screws to
move gantry.
X-axis single
motor/screw.
Z-axis runs on
a custom
linear slide
with wheels
or a delrin nut
slider (MK1) -
MK2
upgraded Z to
a linear rail.
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Uses a standard
trim router
(Palm router)
as spindle -
recommended
the Makita
RT0700 (up to
30k RPM).

65 mm mount
included; can
also fit the
Dewalt 611. No
automatic tool
change -
manual bit
changes with a
touch probe
routine for Z
height. Some
advanced users
upgraded to
800 W or 1.5 kW
spindles; the
frame can
handle the
weight but may
lose some
speed due to
heavier mass.

Kit comes with
an Arduino-
based GRBL
controller
(custom board
using TB6600
drivers in Sienci's
case). USB
interface to PC
with open-
source gSender
software.
Endstop
switches were
not included in
early models
(optional
homing only).
There is a touch
probe accessory
for setting Z
zero. Overall, it's
a plug-and-play
electronics setup
for hobbyists.

Very capable in
wood and plastics -
can achieve

0.1 mm tolerance
in wood easily. For
aluminum, users
report good results
with adaptive
toolpaths (e.g.

0.5 mm DOC, 15k
RPM). Rigidity is a
bit less than a steel-
frame machine, so
heavy cuts cause
some chatter. One
owner noted XZ
axis flex with a
heavier spindle that
affected finish 66 .
The working area is
generous (up to
~30” (760 mm)
square on the MK2
30x%30).


https://www.reddit.com/r/hobbycnc/comments/161h4pf/open_source_cnc_recommendations/#:~:text=It%20depends%20on%20what%20you%27d,source%20but%20uses%20more%20custom
https://forum.sienci.com/t/had-my-longmill-1-year-basically-never-made-anything-with-it-feeds-and-speeds-and-machine-troubles/5157#:~:text=Had%20my%20Longmill%201%20year,
https://forum.sienci.com/t/had-my-longmill-1-year-basically-never-made-anything-with-it-feeds-and-speeds-and-machine-troubles/5157#:~:text=Had%20my%20Longmill%201%20year,

Design Name
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OpenBuilds OX
CNC
(OpenBuilds,
2013) - Open
design by Mark
Carew, evolved
into WorkBee

V-Slot aluminum
extrusion frame
in a classic gantry
router layout.
Usually built on a
20x60 or 20x80
extrusion
perimeter frame
with a moving
gantry of double
20%60 extrusions.
Plates are CNC-cut
aluminum. Often
open table (no full
bed provided in
plans). Size is
customizable;
commonly
~750%750 mm
cutting area.

Belt-driven X
and Y axes
(GT3 belts
along each
axis, with
tensioners) in
the original
OX 54 | Z-axis
is lead screw
driven (Tr8x8)
on a C-Beam
extrusion. V-
wheel rollers
on all axes
(delrin v-
wheels
running on V-
slot tracks).
Dual Y
motors, single
X, single Z (all
NEMA23 in
larger builds).
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Built around
standard trim
routers (DeWalt
611, etc.) with
71 mm mount.
No ATC. The
open gantry can
also mount a
small 500 W DC
spindle if
desired.
Community
often added a
spindle control
relay for on/off.

Typically GRBL
on Arduino or
Smoothieboard.
Many early OX
builds used a
generic CNC
breakout with
TB6600 drivers.
The machine has
limit switches on
XYZ in reference
designs.
OpenBuilds
provides control
software and
CAM, but any G-
code sender
works.

When well-tuned,
can hold ~0.1-

0.2 mm accuracy in
wood. The weak
point is the belt
drive - under heavy
load belts can
stretch or teeth can
skip, limiting metal
capability. Mostly
intended for wood,
plastics, PCBs.
Aluminum milling is
possible but slow;
cuts heavier than

3 mm DOC or
aggressive speeds
will show belt
backlash artifacts.
Work area can be
large, but
performance
degrades at larger
sizes due to belt
stretch and gantry
flex.


https://builds.openbuilds.com/threads/backlash-issue-on-x-and-y-ox-cnc.5802/#:~:text=Backlash%20issue%20on%20X%20and,the%20single%20or%20double
https://forum.makerforums.info/t/how-do-you-fix-double-belts-to-v-slot-extrusions/10101#:~:text=How%20do%20you%20fix%20double,Beam%20is%20the%20primary
https://builds.openbuilds.com/threads/large-ox-3000x1500-double-belt-stretch-issue.14279/#:~:text=OpenBuilds%20builds,mesh%20is%20also%20extremely%20important

OpenBuilds
WorkBee
(Ooznest/
OpenBuilds,
2018) -
OpenBuilds
design, last rev.
2018

Aluminum
extrusion frame
with plate
gantries. It's
essentially an
evolution of OX:
uses C-Beam
(4080 mm
aluminum
channel) for all
axes to allow
internal lead
screws. Rigid

6 mm aluminum
plates for gantry
sides and carriage.
Open table design
(typically
spoilboard on
extrusions). Often
built in sizes from
500500 mm up to
1000%x1000 mm.

Lead screw
driveon X, Y,
Z-8mm
ACME screws
(e.g. TR8%x8 on
X/Y, TR8x2 or
4 on Z). Four
NEMA23
motors (2 on
Y, 1X,12).V-
wheels on C-
Beam rails
(with
eccentric nuts
for
adjustment).
Lead screws
have
antibacklash
nuts.
Essentially
addresses
OX's belt
limitations by
switching to
screws.

16

Same router/
spindle options
as OX: trim
router
commonly
(Dewalt/Makita).
Can also mount
up to ~1.5 kW
spindle (65 mm
mount). With
lead screws,
heavier spindles
are handled
better (no belt
stretch issue,
though very
heavy spindles
may still
introduce some
flex in wheels).
No ATC stock.

GRBL or TinyG
controllers
typically.
Ooznest
provided a Duet-
based controller
with their kits
running
RepRapFirmware
which offered
web UL Limit
switches on all
axes for homing.
The control is
open - any 3-
axis controller
works. WorkBee
being open-
source means
many use their
own electronics
(e.g. 32-bit
blackBox or
older Arduinos).

Improved precision
over OX: ~0.05-

0.1 mm accuracy is
attainable (no belt
stretch). Cuts wood
and plastics with
ease. In aluminum,
users have
achieved good
surface finish at
moderate speeds
(e.g. 1 mm DOC,
15-20 ipm with a
1/4” endmill). Still,
the v-wheel system
is a limiting factor
for heavy loads -
some slight
deflection can occur
in very hard
materials. Work
area depends on
build size
(customizable).


https://www.reddit.com/r/hobbycnc/comments/k5bkf4/queen_bee_pro_or_printnc/#:~:text=%E2%80%A2

Design Name

. Motion Spindle/Router Electronics & Performance
(Origin & Last Frame / Structure .
Components Options Control Specs
Update)
Chain-drive
system: Two
. sprocket-
Different class - a p' . .
R driven chains Custom Arduino
vertical wall- . .
pull the sled Mega shield Accuracy is roughly
mounted CNC for )
around (like a called Maslow 1/64” to 1/32” (0.4-
full plywood Standard wood )
, polar system). Controller 0.8 mm) in the
sheets. Frame is router )
The router running center of the sheet,
usually a wood (~>1.5 HP). The .
sled has two . modified GRBL worse toward
beam rectangle ) Ridgid R22002 e
motor-driven specifically for edges. Good
Maslow CNC ~10x6’ that leans was commonly ,
, spools and chain enough for rough
(Maslow against a wall at . used. No tool . .
) one passive kinematics. carpentry, not for
community, ~80°. The changes )
. slack takeup. Software: fine PCB or metal
2017) - Open- “sled” (cutting (manual only).

source large-
format, last
update ~2019

head) moves by
two top-mounted
chainsina
hanging
pendulum
configuration. Not
a bench mill, but
notable open
design for large
wood pieces.

No linear rails
- motion
relies on
gravity and
careful
calibration of
chain lengths.
Z-axisis a
small
leadscrew
add-on on the
router for
depth.

17

Because it's for
big wood cuts,
usually only one
bit is used per
job (e.g.a 1/4”
endmill for all
profiles).

Ground Control
or Makerverse
sends the G-
code. The
control does
auto calibration
routines to
measure chain
lengths and sled
weight.

work. It's only for
wood (or foam) -
cannot do metals.
Cuts full 4x8’ sheets
but at slow speeds
(because it's
effectively always
climb cutting on
one side).



Table Notes: All designs above are open-source (plans, CAD, or kits freely available). “Last update” refers to
the most recent known project activity or release for that design. Ratings are on a 1 (worst) to 5 (best) scale,
relative to typical hobby CNC expectations. For example, “Rigidity 5" indicates a design with minimal flex
suitable for precision machining metals, whereas “Rigidity 1” would struggle with anything harder than PCB
material.

Top 5 Recommended CNC Designs (PCB, Wood & Light Metal) and
Rationale

Based on the use-cases (precision PCB milling, wood carving, and light metal machining within a ~$2000
budget), here are the five top candidate designs and why they rank highest:

1. OLSK Small CNC V3 - Best All-Around Precision & Features: This design offers professional-grade
capabilities (enclosed frame, automatic tool changer, coolant) in an open-source package. It is
tailored for precision work - ideal for PCBs (the ATC allows using tiny drills and endmills in one job)
and fine engraving - while also being sturdy enough for aluminum milling with coolant. Essentially, it
delivers capabilities akin to a small commercial CNC (like Bantam Tools or Nomad) but in a DIY form.
We rank it top because it excels in precision/rigidity and versatility (multi-tool, enclosed). The
trade-off is build complexity, but given access to tools and the desire for a feature-rich machine,
OLSK V3 stands out as a long-term solution.

2. PrintNC (V4) - Highest Rigidity for Metal Cutting: PrintNC is a close second, with a “no-
compromise” philosophy on rigidity 53 . Its steel-tube frame and linear rails give it the best
performance in hard materials - it can handle aluminum and even steel, outperforming most
other hobby designs in machining capability. For wood, it's excellent (fast, accurate, large work area
options), and for PCBs it's more than precise enough (though tool changes are manual). We chose
PrintNC for its proven community track record and “future-proof” stiffness. It's essentially a mini-
professional CNC that you can build yourself. The reason it's just slightly behind OLSK is the lack of
enclosure and ATC by default - features which matter for PCB dust and multi-tool workflows - but
pure performance-wise, PrintNC is top-notch.

3.Ivan Miranda’s “Tiny CNC” (Mk II) - Heavy-Duty Mini Mill: This design is ranked third as a
specialized heavy mini-mill. It demonstrated the ability to mill steel while still being desktop-sized
32 . For aluminum and brass (the likely “light metals” you'll machine), it offers rigidity on par with
PrintNC (ball screws, linear rails) but in a smaller footprint. It's great for PCB milling as well - the only
limitation is its modest working area (~200%160 mm), so large wood pieces wouldn't fit. We include it
because it's the most robust design in a small form - perfect if your projects are smaller in size
(PCB boards, small wood carvings, metal parts). It's a bit of a one-off design, but since you have
machining tools, you could replicate or even improve it. Its key strengths are rigidity and accuracy
(comparable to industrial desktop mills), with weaknesses being the lack of community build guides
and limited Y-axis range.

4. OpenBuilds WorkBee/Lead CNC - Reliable Workhorse (Wood-Focused): This is a representative of
the OpenBuilds lead-screw machines (WorkBee or the Lead 1010). We rank it fourth because it offers
a well-balanced mix of capability, ease, and cost. With lead screws on X/Y, it has far better
precision and load capacity than older belt-driven kits (like Shapeoko/X-Carve). It can comfortably
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https://www.reddit.com/r/hobbycnc/comments/161h4pf/open_source_cnc_recommendations/#:~:text=PrintNC%20is%20the%20closest%20thing,Voron%20in%20the%20CNC%20world
https://www.hackster.io/news/ivan-miranda-s-3d-printed-cnc-mill-is-capable-of-cutting-steel-7cd86bab2f9c#:~:text=CNC%20mills%20are%20usually%20made,that%27s%20capable%20of%20cutting%20steel

carve large wood pieces (e.g. signs, furniture components) and also tackle aluminum with
appropriate settings (many WorkBee users successfully mill 6061 aluminum). It's a proven design
with a large community, and it's relatively straightforward to build from a kit or parts. Its rigidity is a
notch below the steel-based machines (PrintNC) - you may see some flex in heavy cuts - but for
light-metal tasks it is sufficient. We chose this as the “practical all-rounder” for those who want a
medium-to-large cutting area. It's also very modifiable (with linear rail upgrades like QueenBee Pro
to boost performance later 70 ),

5.V1 Engineering MPCNC (Primo) - Budget-Friendly & Versatile: We include the MPCNC as the fifth
candidate primarily for its cost-effectiveness and flexibility. If budget or learning curve were major
concerns, the MPCNC would shine as a starter machine that can do a bit of everything. It can
certainly mill PCBs with fine detail, cut wood (it's actually quite good for woodworking with the right
bits), and do light aluminum work (albeit slowly). It's not as rigid or precise as the others above, but
it's good enough for a lot of hobby tasks and has an enormous user community for support. We
consider it a top 5 because it allows you to get hands-on quickly and cheaply. Additionally, it's
modular - you could configure it small for PCBs or larger for wood, and upgrade as needed. Its
ranking logic: it wins on ease and cost, while sacrificing some precision and metal capability - but it's
often “good enough” unless you push into high-precision metal machining.

These rankings were determined by evaluating how well each design meets the combined needs of PCB
precision, wood throughput, and light metal rigidity, then weighing cost and complexity. In summary: OLSK
offers the most features and precision (ideal for intricate PCB work and automated workflows), PrintNC and
Ivan’s CNC deliver top rigidity for metals (PrintNC for larger format, Ivan’s for compact), WorkBee provides a
balanced large-format solution for wood/aluminum, and MPCNC covers the entry-level, super-flexible use-
case. Depending on your exact priorities (e.g. if auto tool-changing or large work area is more important to
you than cutting steel, you might swap the order of #1-#3), but all five are strong choices for a home CNC
given the $2000 budget and tools at your disposal.

Mini Case Studies: Top 5 CNC Designs in Detail

To further inform the decision, here are mini “case studies” of the top five designs, highlighting their real-
world strengths, weaknesses, and popular upgrades.
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https://www.reddit.com/r/hobbycnc/comments/k5bkf4/queen_bee_pro_or_printnc/#:~:text=%E2%80%A2

1. OLSK Small CNC V3 (OpenLab Starter Kit)

Figure: OLSK Small CNC V3 - Open-source enclosed mill with 10-tool automatic changer (tool magazine visible in
front) and touchscreen control.

+ Strengths: OLSK V3's standout strength is its professional feature set in a DIY machine. The
automatic tool changer (ATC) with a 10-tool magazine means complex jobs (like drilling and milling a
PCB with different bits, or roughing and finishing passes in wood) can be done without manual
intervention 4 . Its fully enclosed aluminum frame provides safety, dust collection, and noise
reduction - a big plus for PCB fiberglass dust and for machining metals with coolant. The rigidity of
the frame (aluminum plate construction) and the short, stiff Z-axis give it excellent precision (on the
order of 0.05 mm or better). Users effectively get an experience close to a small commercial CNC:
homing with inductive sensors, tool length probing, even an enclosure door - all in an open-source
design. This machine is an excellent platform if you anticipate a lot of precision work and multi-
tool workflows. It's also fairly compact for what it offers (roughly 740 x 960 mm footprint 71 ).

Weaknesses: The main weakness is the complexity and rarity of builds - as a newer project, there
are not hundreds of OLSK builders online yet (it's often built in fab lab contexts). So, the community
support is smaller compared to something like MPCNC or PrintNC. You might be something of a
trailblazer building it, relying on the provided documentation and your own skill. The ATC
mechanism, while hugely beneficial, adds many moving parts (pneumatics, tool holders, sensors)
that need fine-tuning. That means more potential points of failure (e.g. misaligned tool holder could
cause a failed tool swap). Another weakness is that sourcing or manufacturing certain parts can be
involved - for example, the toolholding forks or the custom spindle coupling for the ATC might need
to be fabricated as they aren't off-the-shelf. In short, build difficulty is high. Finally, the cost, while
within $2000, could edge toward the upper limit once you include a high-speed spindle, pneumatic
system, etc., especially if you can’t fabricate everything in-house.
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https://github.com/Open-Lab-Starter-Kit/OLSK-Small-CNC#:~:text=,Coolant%20System
https://github.com/Open-Lab-Starter-Kit/OLSK-Small-CNC#:~:text=,capacity%3A%2010%20tools

« Community-Tested Upgrades/Mods: Since OLSK is quite full-featured out of the box, there aren't
many “upgrades” published yet - rather, it comes with all the goodies (ATC, sensors, etc.). One logical
mod, if not initially included, is adding an active cooling system for the spindle or a misting system
for metal work (the design already has a coolant system provision 4 - likely a mist or flood coolant
setup - so ensure that's implemented). Another community suggestion (from similar enclosed
machines) is to install an internal camera or even just an internal light, so you can monitor the
milling progress through the transparent enclosure without opening the door. If building without the
ATC to start (as a simplification), an upgrade path would be to add the ATC later - the machine could
be used as a manual tool-change CNC initially, then you could integrate the pneumatic tool forks
once you're confident in the base performance. Given your access to machining tools, one “upgrade”
you might consider is machining some of the more critical printed parts (if any) out of aluminum -
for instance, any brackets or holders in the tool changer could be made metal for long-term
durability. Overall, the OLSK doesn't need many upgrades - it's more about careful assembly and
calibration to get the most out of its advanced features.

2. PrintNC (V4)

« Strengths: PrintNC's key strength is raw rigidity and scalability. It is essentially a blueprint for a
small industrial-grade CNC that you can build at home. The steel tube frame gives it a stiffness that
outclasses aluminum extrusion machines - users regularly report being able to cut aluminum with
>1 mm depth per pass and get great finishes 46 . It's also known for maintaining accuracy over
larger work areas; you can confidently do, say, a 2'x2" wood carving or an aluminum panel and trust
dimensions to come out very close to CAD. Another strength is the robust community and
documentation - being community-driven, it has an active Discord and wiki. This means if you run
into issues (say aligning your linear rails or questions about ball screw mounts), there are many
builders to help. The design is quite flexible in footprint - you can build a smaller “desktop” version
or a larger one, and the BOM scales accordingly 72 48 . For your use, a moderate size (maybe
~600 x 600 mm work area) would comfortably handle wood projects and multiple PCB boards at
once, and still be stiff enough for metal. The PrintNC's “no compromise” approach (linear rails, ball
screws, all-metal construction) means you won't quickly outgrow its capabilities; it's a machine you
can keep improving and using for increasingly challenging jobs.

Weaknesses: The main weakness is the build effort and required tools/skills. Fabricating the steel
frame requires either accurate drilling or welding (or both). Many builders without welding skills
have succeeded by drilling and using epoxy/grout to get things aligned, but it's more involved than
assembling a pre-cut kit. It's not a turnkey project - expect a fair amount of measuring, aligning, and
possibly re-making certain parts if initial alignment is off. Another weakness is that PrintNC is open-
ended - while that's a strength, it also means you must make a lot of choices (frame size, motor sizes,
electronics, etc.) and source parts from various suppliers. This can be time-consuming and might
involve waiting for parts (ball screws, rails from China, for example). In actual use, one could say a
minor weakness is it's unenclosed - cutting PCBs or using coolant on metal will fling debris; you'd
likely need to build an enclosure or at least a splash guard if you go that route (whereas OLSK
includes that by design). Lastly, without an ATC, you have to do manual tool changes - not a big deal,
but something to consider for workflows (you'd set up tool-length probing to assist). In summary,
PrintNC has very few performance weaknesses; its weaknesses are more in the realm of the effort to
build and the lack of bells-and-whistles out of the box.
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« Community Upgrades/Mods: The PrintNC community is very active in upgrading the design. A
notable upgrade is the “Performance Package” or linear rail mod - early PrintNC versions allowed
using V-wheels as a cheaper alternative, but most builders now go straight to linear rails. If you
didn't initially, upgrading to proper linear guides on all axes is a big performance booster (but I'd
recommend doing it from the start given your budget). Some builders also upgrade to closed-loop
stepper motors (with encoders) or even AC servos for the X and Y axes - this ensures no missed
steps and can increase rapid speeds (only worthwhile if you really push the machine or plan a lot of
production use). Another common modification is adding a 4th axis (rotary axis): the frame can
accommodate one on the bed; a few community members have added a rotary to do things like
round stock carving. For metal milling aficionados, filling the steel tubes with epoxy granite for
vibration damping is an advanced mod people discuss - it's not necessary, but it's an option to
squeeze even more performance (damping) out of the frame. On the electronics side, some PrintNC
builders move to more advanced controllers (like a Centroid Acorn or LinuxCNC on a PC) once the
basics are sorted, to get better motion planning and real-time control, but the stock GRBL or Klipper
solutions work fine to start. Overall, PrintNC's upgrades are about pushing it into truly professional
territory (at which point the only limit might be the spindle power or the user’s courage!).

3. Ivan Miranda’s Tiny 3D-Printed CNC (Mk II)

« Strengths: This machine’s strength is exceptional rigidity relative to its size. It was demonstrated
cutting mild steel plate on video 32 - something very few desktop machines can claim. For your
uses, that means it will plow through aluminum like butter and hold up to the high spindle speeds
needed for PCB micro-milling without vibration issues. The use of heavy ball screws and linear rails
gives it very high precision and repeatability. Another strength is its moving-table (knee mill)
design: because the table (X-Y) moves and the head goes only up-down (plus slight knee
adjustment), the center of gravity stays low and the frame doesn't need to carry the weight of a long
gantry. This contributes to stability when cutting metals. Its footprint is relatively small - if you have
limited space or only need, say, 8"x6” work area, this machine fits well on a bench. Also, Ivan's design
has a tilt-able spindle mount, meaning you could do angled features which is a unique plus if
needed. In essence, this machine is like a bridge between a CNC router and a small vertical milling
machine, giving you milling-machine solidity at a hobby scale.

Weaknesses: The main weakness is that it's a one-off design that lacks extensive documentation.
Ivan Miranda provided the CAD and STL files for sale 35, but unlike PrintNC or MPCNC, you won't
find a large forum of people who built the exact same machine. So, you have to be self-reliant in the
build (though the Hackaday article 73 38 and his videos do shed light on potential pitfalls). Another
weakness is the limited working area - roughly 200x180 mm travel. If you envision carving large
wooden plaques or milling big panels, this machine can’t do that (it's more for smaller parts,
brackets, molds, PCBs, etc.). The design also incorporates many 3D-printed parts as structural
components - even though Ivan reinforced critical areas with metal, some parts (like motor mounts,
bearing blocks, etc.) are printed. Over time, those might creep or crack under stress, especially if
ABS/PETG is used near the spindle where heat could be an issue. The Hackaday commentary
mentioned some wobble possibly due to the table it sat on 73 , implying the machine is so rigid that
it transferred forces to the stand; but if any wobble were internal, it likely comes from flex in printed
parts or slight play in the printed toolmount. Lastly, assembling and tuning the ball screws and linear
rails demands precision - any misalignment can cause binding. With less community support, you'll
need to rely on careful mechanical skill to get it all aligned perfectly.
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+ Upgrades/Mods: One obvious “upgrade” was hinted by Ivan himself: using this CNC to machining
aluminum replacements for the remaining 3D-printed parts 37 . For example, the red printed Z-
axis carriage plates and maybe the spindle clamp could be remade in aluminum for even more
stiffness and durability. Since you have machining capability, you could plan to do that as a second
phase - essentially leveraging the machine to improve itself. Another upgrade might be adding an
enclosure or chip tray - as a metal-focused machine, having a tray to collect chips and a safety
enclosure (even a simple acrylic shield around it) would help with coolant use (if you choose to add a
misting system for aluminum) and keep the mess down during PCB milling. In terms of electronics, if
not already present, adding a probe or touch plate for tool height, and endstop switches for homing,
would be useful mods (if the files don't include those). Some community members (from similar
projects) also suggest filling extrusions with sand or epoxy for extra mass - the frame here is
relatively small, but adding mass (e.g., a thick steel baseplate under the machine, or filling the main
vertical extrusions) can further damp vibrations. Lastly, you could potentially upgrade the spindle: if
it's a 1.5 kW spindle now, that's already great for its size - not much need to go bigger (2.2 kW is
heavier and probably overkill for the working envelope). But if currently a trim router was used,
upgrading to a proper VFD spindle with precision collets would be a worthwhile mod for better
performance in PCBs and metals. All in all, Ivan’s CNC is already highly tuned for performance; your
upgrades would be focused on refining and longevity (replacing printed parts with metal, adding
convenience features like probes, and containing the operation).

4. OpenBuilds WorkBee / Lead CNC

+ Strengths: The WorkBee (and its close cousin, the Lead CNC) is a well-rounded and user-friendly
machine with a large active community. Its strengths lie in being relatively easy to build (many
detailed guides, and pre-machined kits available) while still providing solid capability. It uses lead
screws on all axes, which means it doesn't suffer from belt stretch or backlash issues as the older
belt machines did. Users can achieve good accuracy in wood and plastic - making it great for
furniture parts, signs, artistic carvings, etc. It has a spacious work area (especially in the 750 mm
and 1000 mm versions) to tackle bigger pieces that the likes of PrintNC or OLSK (in their standard
sizes) might not. For light metal, the WorkBee has been proven in countless builds to handle
aluminum sheet and plate - for example, cutting out automotive parts or aluminum instrument
panels is feasible with modest speeds. The modular nature of the V-slot system is another strength:
it's easy to attach accessories like dust collection shoes, clamps, vises, etc., using the T-slots. Also, if
any part wears or breaks (wheels, nuts), they are inexpensive and easy to replace via OpenBuilds
store. In short, the WorkBee is a dependable workhorse for general-purpose CNC tasks, especially
if you value a larger format and a straightforward build process.

Weaknesses: The primary weakness is that it's less rigid than the steel-framed or linear-railed
machines. It relies on plastic v-wheels running on aluminum - under heavy cutting loads (for
instance, aggressive cuts in hardwood or any cut in steel which is mostly out of its scope), those
wheels can deflect or even develop flat spots. Over time, maintenance like wheel adjustment and
replacement is needed to maintain accuracy. Compared to PrintNC or Ivan's CNC, you might find the
WorkBee needs more conservative cutting parameters to avoid chatter (e.g., shallower depth per
pass in aluminum). Another weakness is potential lead screw whip on larger models: if you have a
1000 mm span screw, rapid movements at high RPM can make the screw oscillate (whip) - the
practical fix is to limit rapids to a safe speed, meaning a bit slower positioning moves than a belt
machine might achieve. There have also been reports of plate bending or misalignment issues in
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some kits (especially third-party ones); for example, if the gantry side plates aren't perfectly
perpendicular, the machine might bind. However, these issues are usually solvable with shimming or
by sourcing quality plates. The WorkBee is also noisy compared to an enclosed machine - the router
and open frame will be loud when cutting, so it's less workshop-friendly in that sense (an enclosure
can be added, but not trivial because of the moving gantry). Overall, while it can do metals, it's not
optimized for that - you might have to accept slower speeds and more manual oversight for
aluminum jobs to ensure accuracy and surface finish (e.g., doing spring passes or finish passes to hit
tight tolerances).

Popular Upgrades/Mods: One of the most popular upgrades for WorkBee is the QueenBee Pro kit,
which adds linear guide rails on the X and Y extrusions and swaps the lead screws for ball screws.
This mod dramatically increases rigidity and precision, essentially transforming the WorkBee into
something approaching PrintNC-level performance (it addresses the wheel flex and backlash from
nuts) 58 . If you foresee doing a lot of metal work, the linear rail + ball screw upgrade is something
you could plan as a future mod (it might push budget, but perhaps later on). Another common
upgrade is the Z-axis “Height Extender” or “Lead High-Z" mod - basically raising the gantry and
using a longer Z C-beam. This is useful if you want to mill thicker stock or mount, say, a rotary axis or
vises on the bed (at the cost of a bit of rigidity). Some users also double up the X-axis extrusion (two
C-beams stacked) to stiffen the gantry against twisting - this was actually done on the Lead 1010
variant by default. Simpler mods include upgrading the Delrin anti-backlash nuts to brass or anti-
backlash ball nuts (if not already ball screws), which can last longer and hold tighter tolerances. For
maintenance and ease, many add Lubrication ports or use self-lubricating nuts for the screws, as
well as dust covers for the rails/screws to keep debris out. On the electronics side, upgrading from a
basic GRBL controller to a 32-bit board (like BlackBox or even a Duet in CNC mode) can smooth the
motion and allow for faster feed calculations, but that's an incremental improvement. Lastly, adding
a proper enclosure or at least safety shielding around a WorkBee is a common project - typically a
big wood or aluminum box with a vacuum hookup - to manage noise and dust. While not an
“upgrade” to the machine’s mechanics, it significantly upgrades the user experience if you run it
frequently (especially for wood and PCB dust). In summary, the WorkBee can evolve with your needs
- you can start with the stock configuration, and if you later require more precision or stiffness, the
path to linear rails/ball screws is well-trodden.

5. Mostly Printed CNC (MPCNC Primo)

* Strengths: The MPCNC's greatest strength is its low barrier to entry and flexibility. It's almost
disposable-cost, yet capable enough to get real work done. For PCBs, many people have successfully
milled fine traces by mounting a Dremel or small spindle and using the MPCNC's precise control - its
leadscrew Z-axis and belt-driven X/Y (with careful tuning) can achieve surprisingly detailed results.
For wood, the MPCNC shines at things like custom signs, intricate carvings, and even joinery (it can
cut plywood profiles to a decent accuracy). A big plus is that you can make it any size - if you mostly
do PCBs, you could build a small one (like 12”x12”) which will be quite rigid due to short tube
lengths. If later you want to carve a larger sign, you can expand the frame by swapping out the
tubes and belts for longer ones. The printed parts set is inexpensive, so re-configuring size isn't
costly. Another strength is the huge user community: there are forums (V1 Engineering), tons of
mods on Thingiverse/Printables, and a lot of user-created documentation, which is comforting for a
beginner. The community has developed add-ons such as laser modules, drag knives for vinyl
cutting, pens for drawing, etc.,, making MPCNC a multi-purpose platform. The skill you gain from
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building and tuning an MPCNC (steps per mm calibration, squaring axes, managing toolpaths)
directly transfers to higher-end machines, so it's a great learning platform as well. And since your
budget isn't tight, you could also see MPCNC as a “temporary” solution or secondary machine - for
example, dedicate it to PCB milling or laser engraving, while a more rigid machine handles metal -
it's not a big hit to the wallet to have an extra MPCNC around.

Weaknesses: The obvious weakness is limited rigidity, especially as size increases. The use of EMT
conduit or thin-walled tubing means that on larger spans, there can be noticeable deflection under
load. When cutting aluminum, MPCNC must go very slow - users often take extremely light cuts (like
0.2 mm DOC) to avoid the machine flexing and losing steps. Even with a smaller build, the plastic
parts can introduce a bit of play (they can crack or deform if the machine is pushed too hard, though
the Primo version has improved on previous versions with beefier parts). Belt drive on X/Y means
there is some backlash and stretch - normally negligible for wood, but it can affect precision for very
tight tolerance work in metal or PCBs if not accounted for. Another weakness is the lack of a true
rigid Z gantry - the tool is held on a pair of 3D-printed clamps, and if you push side-load on it (like a
big bit in hard wood), you can see the tool mount flex slightly. So surface finish can suffer if you try
to carve too fast; one might need to take finishing passes to get smooth walls. The MPCNC also
requires periodic tightening - belts might loosen, and the tension bolts on printed parts sometimes
need a tweak to keep bearings snug on the rails. Compared to all other top 5 machines, it has the
lowest repeatable precision: realistically around 0.1-0.2 mm in wood and maybe 0.05 mm in ideal
conditions. That's fine for a lot of hobby projects, but if you need, say, a press-fit hole for a bearing,
you might need to do some trial fits or finishing reams. Essentially, with MPCNC you trade off
precision and heavy-duty capability for cost and versatility.

Community Mods/Upgrades: The MPCNC community is incredibly creative, so there are myriad
mods. A very common one is adding endstop switches on X and Y to enable auto-squaring of the
gantry (Primo supports dual endstops) - this ensures the two Y motors home such that the gantry is
perfectly perpendicular. Another popular mod is the “Burly” or alternate center assemblies that
incorporate slight improvements or allow using different rail sizes (though Primo is the latest, some
still experiment with part designs). Some have experimented with replacing the GT2 belts with steel-
core belts or even rack-and-pinion drives for better stiffness - or, using lead screws on X/Y for
increased precision (this can introduce other issues like screw whip on long axes, but it has been
done for smaller builds). For the frame, one mod is to use stainless steel tubing instead of EMT
conduit - it's straighter, stiffer, and smoother, resulting in better accuracy (at higher cost). A small but
useful upgrade is adding a touch probe for Z (and possibly X/Y zeroing) - many MPCNC users wire a
simple touch plate to help set the bit height precisely, which is very handy for PCB milling where
depth is critical. Some advanced users have even converted MPCNC to use linear rails on X/Y - at
that point, one might argue it's closer to a LowRider or PrintNC mini, but it has been done for fun.
Also, if one needs more rigidity in Z, there is a mod that adds a second Z axis motor and leadscrew
(one on either side of the tool, a bit like a mini moving gantry) - this is not standard, but people have
tried to beef up Z for better 3D printing or heavier spindle. In terms of spindle upgrade, moving
from a trim router to a Chinese 500 W or 800 W spindle with a proper mount is a common path; it
reduces noise and runout. There are even multi-color pen plotting or pick-and-place head mods
given its origin in the reprap community. Ultimately, MPCNC'’s biggest “upgrade path” often is to use
it as a stepping stone: many folks start with an MPCNC, then later build a more rigid design
(sometimes reusing the electronics or motors). But with the latest Primo, a lot of users stick with it
and just refine it with the above tweaks to get surprisingly good results for hobby use.
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Design Lessons and Next Steps

Design Lessons - Key Trade-offs & Insights: Through this research, several important CNC design trade-
offs became clear:

* Frame Material vs. Rigidity: Heavier, more rigid frames (steel tube in PrintNC 40, or thick
aluminum plate in OLSK 2 ) yield better precision and metal-cutting ability, but they increase build
complexity and cost. Lighter frames (extrusion in WorkBee, printed plastic in MPCNC) are easier/
cheaper to build but introduce flex that limits performance 64 58 . A critical insight is to choose the
frame style that matches the hardest material you plan to cut - e.g. if aluminum is a major use-
case, lean towards steel or heavy aluminum construction. For primarily PCBs/wood, lighter frames
can suffice.

Motion System - Belts vs. Screws vs. Rails: Belt drives (as in older Shapeoko/X-Carve, or MPCNC's
X/Y) offer speed and low cost, but can sacrifice accuracy (stretch, backlash) 67 . Lead screws improve
accuracy but can whip at length and have some backlash unless anti-backlash nuts or ball screws are
used 74 . Ball screws combined with linear rails (as in PrintNC, Ivan’s CNC) provide the highest
precision and smoothness, but at significantly higher cost/assembly effort. This is a continuum of
precision vs cost. Many community upgrades involve moving up this chain (e.g. WorkBee belt ->
screw, screw -> ball screw 58 ). The lesson is identify the precision needed and invest in the
appropriate motion hardware - for instance, PCB milling fine traces might push you towards lead/
ball screws and rails for minimal slop.

Spindle Choice - RPM and Power vs. Weight: Spindle/router selection is pivotal and ties into
machine rigidity. Trim routers (~700 W, 1.5 kg) are affordable and versatile for wood (with ~30k RPM
for small bits), but their runout might be ~0.001-0.003” ¢ and they're loud. VFD spindles (800 W-
2.2 kW) have precision ER collets and lower noise, plus variable RPM down to ~8000 for metals, but
they are heavier (2.2 kW ~ 5.5 kg) and require more robust mounts and electronics. We saw lighter
machines opting for palm routers (MPCNC, WorkBee) and heavy designs using water-cooled spindles
(PrintNC, Ivan's, OLSK). The insight: for delicate work (PCBs, fine engraving), the lower runout of
a quality spindle and ability to control RPM is very beneficial, and the machine must handle its
weight. On the flip side, a $100 trim router can do the job if the machine isn't stiff enough to
leverage a pricey spindle’s precision.

Automation (Tool Changers) vs. Simplicity: The inclusion of an ATC on OLSK adds enormous
convenience and multi-tool capability, but it also introduces complexity (both mechanical and in CAM
programming). Simpler machines forego this, requiring manual tool swaps - which costs time and
may introduce slight error re-zeroing Z each time. The design lesson here is automation features
(ATC, auto probing, etc.) can significantly improve workflow for complex jobs but they demand
more from the builder. It's often wise to ensure the underlying machine (motion, rigidity) is sound
before adding automation. Many hobbyists start without ATC, then add it later as an upgrade once
everything else is dialed in.

Scalability vs. Accuracy: It was evident especially from PrintNC documentation 47 42 and
Maslow's case that making a machine larger usually reduces its stiffness and accuracy if the design is
simply scaled. Long spans sag, screws whip, etc. To scale up, designs either had to beef up materials
(larger tube profiles, dual motors, etc.) or accept reduced performance. The takeaway: build a
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machine only as large as you truly need for your projects. A smaller stiff machine will outperform
a larger flimsy one. If you need occasionally bigger cuts, tiling (moving workpiece) is preferable to
oversizing the machine and compromising all cuts. Conversely, if a large working area is crucial (e.g.
signs or furniture parts), be prepared to invest in a design that explicitly addresses rigidity at scale
(like PrintNC's “Woodcutter” spec uses heavy steel for big spans 49 ).

« Community & Open-Source Ecosystem: One non-technical insight is how valuable a strong
community and documentation are. Projects like MPCNC and PrintNC thrive because of regular
updates, user feedback, and shared upgrades 53 75 . When choosing an open design, it's not just
the specs that matter but also the support available - this can make the difference between a
frustrating build and a successful one. Given two similar options, the one with better documentation
and active forums is likely the safer bet for a smooth experience.

Next Steps - Choosing a Design & Implementation Plan: Considering all the above, here’s a
recommended path forward:

1. Select Your Starting Design: Based on your stated use-cases (PCB, wood, light metal) and budget, I
would recommend starting with the PrintNC V4 as the primary build, with a few elements inspired by
OLSK. PrintNC offers the rigidity to handle wood and aluminum easily, and its community is a huge
asset during the build. You can incorporate ideas from OLSK (for example, you could add an
enclosure and even plan for a future ATC mechanism) without the complexity of actually building the
ATC from scratch on day one. Essentially, PrintNC gives you a rock-solid foundation, and you can
upgrade incrementally. If the automatic tool changer still calls to you, you might plan that as a later
project once the base machine is running. (Alternatively, if you are very confident and relish the
complex build, you could dive straight into OLSK Small V3 - but be aware you'd be spending a lot of
time on toolchanger mechanics. PrintNC would let you “get making” sooner and tackle ATC as an
add-on.)

2. Acquire Critical Components First: Early in the build process, order the long-lead items and critical
components:

o Linear motion hardware: linear rails (e.g. Hiwin or quality clone rails and blocks) and ball
screws (cut to your desired lengths) often have shipping times - order these first 76 . Ensure
the ball screws come machined or get them machined for bearings and couplers.

o Steel tubing for frame: Source the specified steel rectangular tubes (like 50x50 or 50x75
mm) for PrintNC locally if possible. Since you have access to a waterjet and mills, you could
also prepare the steel by drilling or even waterjetting alignment holes. Get the frame material
early so you can start on cutting/drilling it while other parts ship.

o Electronics: Decide on the controller and order it along with stepper drivers and motors. For
example, an Arduino Mega+RAMPS or an OpenBuilds BlackBox or a 32-bit controller - have it
on hand so you can experiment with firmware while building mechanical parts. Also order
limit switches, probe sensors, emergency stop button, etc., as these sometimes get forgotten
until the end.

o Spindle/Router: If you plan to use a specific spindle (say a 1.5 kW water-cooled VFD spindle),
order the spindle and VFD now. These can sometimes take a while to arrive and you want to
have them to design mounts and test runout. If you're starting with a trim router (Makita), go
ahead and purchase it so you have it ready to fit in your mount.
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o Misc Hardware: Order fasteners, bearings, anti-backlash nuts, couplings, belts (if any) -
basically everything on the BOM that might not be found in a local hardware store. Having all
nuts and bolts early prevents frustrating delays for one missing M5 screw, and you can sort
and organize them per assembly step.

3. Pre-Processing & Fabrication: Utilize your machining tools to prepare custom parts:

o With a waterjet cutter, you could cut out any required aluminum or steel plate parts (like
motor mounts, gussets, spindle mounts). For PrintNC, many parts are 3D-printed, but you can
choose to machine some for extra precision (for example, the corner brackets that hold steel
tubes together could be waterjet-cut aluminum angles for perfect square alignment).

o Use the mill to drill holes in steel tubes accurately (if not welding). For instance, PrintNC
suggests drilling holes for rail mounts; you can clamp the tubes on your mill and drill with the
coordinates given by the BOM generator or CAD, which will increase alignment accuracy.

o Start 3D printing any printed parts (like motor spacers, cable carriers, dust shoe etc.) early.
There can be dozens of printed parts; printing them in parallel with frame construction saves
time. Use a strong filament (PETG or even CF nylon for rigidity-critical parts).

o If you aim for an enclosure, begin designing it now (even as simple as a plywood box or
repurposed cabinet). You might prepare panels with your laser cutter or CNC mill your own
aluminum/PVC panels for it. Also plan for wasteboard and fixturing on the table (maybe CNC
some T-slot profiles into an MDF wasteboard, or waterjet aluminum fixture plates).

4. Build in Stages - Mechanical First: Assemble the frame and motion components step by step, and
test fit everything:

o Focus on getting the frame square and level. Use machinist squares, lasers, or even the
waterjet to cut a squaring jig. PrintNC's guidance on epoxy leveling might be worth following
to ensure rails are coplanar 47 .

o Mount linear rails and ball screws carefully - no binding through full travel should be felt by
hand. Shim where necessary and check alignment with a dial indicator if possible.

o Mount the spindle/router and verify the Z-axis can move it smoothly. At this point, you can
even do a rough run-out test on the spindle (mount a dial indicator in a fixed position and
rotate the spindle by hand) to ensure your spindle and collet are true.

o It's a good idea to do an initial motion test by hand: move each axis through its full travel by
rotating the screws by hand - it should feel smooth, with no tight spots (which indicate
misalignment). The effort required should be consistent.

5. Electronics & Software Setup: Once the mechanical parts are assembled:

o Install the stepper motors and limit switches. Route cabling neatly in drag chains or cable
sleeves (you can fabricate brackets for drag chains with your 3D printer or waterjet).

o Set up the controller and drivers outside the machine first (on a bench) to verify each motor
can be driven. Flash the firmware (GRBL, Marlin, or LinuxCNC setup) and configure steps/mm
according to your lead screw or ball screw pitch 24 .

o Then, wire everything on the machine. Use your soldering skills for secure connections or
crimp ferrules for board connections. Given you have a decent array of tools, consider
making a nice control box with an emergency stop, cooling relays, spindle VFD interface, etc.
- layout is important for troubleshooting later.
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o Test homing and basic motions in the air. Tune the driver currents and acceleration values
gradually. Ensure each axis homes correctly (moving in the right direction and stopping on
switch trigger).

o Calibrate steps per mm precisely by commanding a known movement and measuring actual
travel (e.g. move 100 mm, measure with calipers or a measuring tape). Ball screws usually
come as 5 mm or 10 mm pitch, so calculations are straightforward, but it's good to verify.

6. Initial Trial Runs: Before attempting an actual PCB or metal piece:

o Do a pen plot test or a “dry run”: attach a marker to the spindle mount and run a simple
drawing G-code on paper. This checks 2D accuracy and that coordinate systems behave. It's a
low-risk way to see if scaling and backlash are in check (straight lines should be straight,
circles closed).

o Mill something in a soft material like foam or wood as your first cut. For instance, surface a
piece of wood or engrave a logo. This will test cutting without risking endmills on something
hard. Listen for any strange sounds (indicating chatter) or missed steps. This also lets you
play with your CAM software and feeds/speeds on an forgiving material.

o Once that's successful, try a PCB isolation routing test on a scrap copper-clad board. PCBs
will test the machine’s small-scale accuracy and Z-axis consistency. Use a V-bit to engrave a
simple circuit pattern. If it's not cutting through consistently or traces vary, adjust your Z
zeroing or surface leveling (you might need to surface your spoilboard or use auto mesh
leveling if software allows). Achieving a good PCB will give confidence in precision.

o Finally, attempt a light aluminum test cut. Maybe face mill a small square or cut a shallow
pocket in a piece of aluminum plate. Start with very conservative settings (e.g. 0.5 mm depth,
slow feed ~300 mm/min with a 1/4” endmill) and see how the machine handles it. Check the
cut dimensions vs. design - if they match well, you're in great shape. If you get chatter, adjust
RPM or feed, or consider if any axis has play (and tighten if needed).

7. Fine-Tune and Add Enhancements: With the machine functional, you can refine it:

o Level the wasteboard or bed using the machine itself (fly-cutter or large endmill to skim the
surface) so it's perfectly flat relative to the gantry - crucial for even PCB milling.

o Implement any quality-of-life upgrades now: e.g. a dust collection shoe to keep the
workspace clean (you can mill or print one and hook it to a shopvac), a mist coolant system
for when you cut metal (even a simple fog buster or air blast to clear chips).

o If you decided to hold off on an ATC, but still want some automation, you could add a tool
length probe: a fixed touch plate on the bed that the machine can use to automatically
measure a new tool’s length after you change it. This speeds up manual tool changes and
ensures consistent Z zero.

o Begin planning the ATC or other big upgrades if desired. For example, you could design a rack
and pin mechanism to hold multiple ER collet tools and use a pneumatic cylinder to release
the spindle collet (some DIY ATC designs exist to study). This is a complex project on its own -
you might hold off until you've run the machine for a while and identified real workflow
bottlenecks that justify it.
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8. Start Making Projects & Iterate: With the machine dialed in, start using it on real projects. Nothing
will test and improve the CNC more than actual use. You'll develop a feel for optimal speeds and the
machine’s “sweet spot.” From there:

o Keep a log of any precision issues you encounter and address them one by one (e.g., slight
overshoot in X might mean backlash - you'd then tighten that axis or compensate in
software).

o Perform regular maintenance: lubricate screws/rails, check for loose bolts (especially in the
first few weeks of operation as things settle).

o If you hit limitations (maybe you find yourself wishing for more automation or a stiffer Z for a
certain job), revisit the design upgrades. The groundwork you've laid (with a solid frame and
motion system) will make future modifications more successful.

By following these steps, you'll systematically progress from choosing a robust design to a finely tuned
machine ready to tackle high-precision PCB milling one day and carve hardwood or aluminum parts the
next. Each phase ensures that potential issues are caught early (on paper, foam, or soft wood) and that the
machine’s performance envelope is well-understood before doing more critical work. Given your access to
advanced fabrication tools and willingness to adapt inspiration from various designs, you're in an excellent
position to create a truly customized CNC mill that meets all your needs.
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