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Making the Twenty-First Century Puppet
Act Four: Tools, Materials and Techniques
Introduction
My recent pleasures of puppetry began in May of 2019. The Futureworks Makerspace
NYC in Brooklyn had just opened, with17,000 square feet of tools and a lively
community of makers.
It brought back memories of the fun that I had working for Nicolo Marionettes in the
1976, when I first arrived in New York City. My then-girlfriend - later wife - Erica had a
job there as a puppeteer. The master puppeteer Nick Coppola hired me as the
company’s technician. At the time, there were marionette tours going all over the
country from the Nicolo workshop in Manhattan, and for a year and a half I did
everything from building stages, to lights and sound, to troubleshooting when
companies called in from the road.
So, in 2019, I ran some samples of puppet heads in the Ultimaker 3D printers at
Makerspace NYC, and brought them over to show Nick Coppola at PuppetWorks in
Brooklyn. He is still at work, some forty-eight years after I first met him.
I made two sets of fairy arms for Nick, and later, heads for Alice in Wonderland. And I
ran some experiments in virtual head casting, You can read about all about those
projects in the links below:
https://www.facebook.com/jim.freeman.144/posts/10218077795228778
https://www.facebook.com/jim.freeman.144/posts/10217841575683437
https://www.facebook.com/jim.freeman.144/posts/10217455433150115
https://www.facebook.com/jim.freeman.144/posts/10217403997264250
Here’s a photo from one of my projects, The Tale of Three Alices:
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When Nick introduced me to his old friend Mike Paterson in November of 2019, I was
fascinated by Mike’s lifelong study of the great Bil Baird. I’ve loved the Bil Baird
marionettes ever since I saw them as a child in the 1964 World Fair. And, as Mike and I
started a literate correspondence, I knew that I’d stumbled onto one of the most
rewarding creative partnerships I’d ever experienced.
In the end, this project evolved into a full-time obsession for about five months.
I love the art of the marionette, and I believe that for it to flourish in the 21st century we
need to take advantage of new technologies to ease the path for new artists.
Using traditional techniques, much of the marionette maker’s work is more technical
than creative. For example, sculpting a new character may only take a couple of days,
but then there is the inevitable mold making, casting, sanding and polishing. There are
points at each step where the art of the original sculpt can be lost.
So, can 21st Century manufacturing techniques be used to speed new marionette works
into production, and encourage a new generation of artists?
Evolution of the Project
Mike Paterson and I started with 3D head printing, and the project eventually evolved
into three areas of investigation:
-

3D modeling and printing
Laser cutting
Metalworking

Some investigations were successful from the outset, some succeeded after much trial
and error, and others proved to be overly ambitious. In this discussion, I’ll talk about the
failures as well as the successes, to help others pick up where we left off.
The biggest challenge in our collaboration was distance. Mike lives in Cornwall, on the
coast of England. I live in Brooklyn New York. This was initially a disadvantage because
any physical object that I produced for Mike would need to be shipped at a considerable
expense and delay. But this was ultimately an advantage because it forced us to
analyze our path carefully, rather than leaping to the first possible solutions.
Throughout, our guiding principle has been that we would like to contribute to the
survival of our beloved craft, so we’ve focused on sharing practical solutions that
anyone could use. You are reading the results of our commitment to that sharing.
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3D Modeling and Printing
First, a glorious failure in 3D modeling
Mike and I began with a head called Safari Man. Here is a photo of the original head:

I asked Mike to take photos in a full 360-degree sequence, and he returned 337 of the
to me. I used them to create a three-dimensional model using photogrammetric
scanning.
In photogrammetric scanning, multiple photos taken in sequence are compared to find
matching features. The movement of the features in space are triangulated with the
known focal length of the camera to map points in three-dimensional space. These are
then mapped into a point cloud.
I used free software called Regard 3D. If you’d like to reproduce my results, I used all
default parameters except that, in the Surface Generation step, I set the trim threshold
in the Poisson reconstruction to zero to create a “watertight mesh”, or solid skin.
I can cleanup that result using a 3D modeling program called Autodesk Meshmixer.
I had used this method in at Puppetworks to duplicate existing marionette heads.
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Here is the result of the photogrammetric scan of Safari Man.

That rough-surfaced bubbled appearance isn’t part of the original sculpture. It an artifact
of the inaccuracy of the photogrammetric process. While I could have cleaned that up in
Autodesk Meshmixer, I did not consider that a good choice in this case.
First, Mike Paterson is one of the best character sculptors I’ve ever encountered. Every
line in this head adds to the story, and no lines are wasted. Applying my less skillful
hand in a cleanup process would muddy the sculpt. Beyond that, this head has
mechanisms: it needs to be sculpted in sections without the mouth and eyes.
When I made 3D models for Puppetworks, I was working with antique heads and molds
needed for revival performances: there was no alternative way of capturing the original
sculpts. But with Mike’s Safari Man, we have the original sculptor, and he is a master.
Could we find a better way?

Mike Paterson becomes a Virtual Sculptor
Our major breakthrough came on January 9th, 2020. Since Mike had an iPad, but not a
laptop, my usual choice of Meshmixer as a 3D sculpting program wouldn’t work. Mike
did an online search and found the sculpting program Forger, made by Javier Edo.
I had worked with other sculptors before to create online sculpts for 3D printing so I was
confident, but Mike’s progress was utterly astonishing. Never having made a 3D model
before, Mike produced his first usable 3D sculpt in two days!
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I called it Round Head, and this is it:

Here is Round Head, loaded on a virtual platen in Ultimaker Cura print preparation
software, ready for printing.
And here is Round Head as it came off the 3D printer.

In an astonishing four days we had gone from a cold start to producing usable heads on
an Ultimaker 3D printer. We were ready to start making marionette heads in quantity.
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The Makerspace Movement and Futureworks Makerspace NYC
To understand our workflow, you need to join me in the Makerspace.
With the transfer of the bulk of American manufacturing to China in the 1980s, and the
rise of the tech startups in the late 1990s, there was a recognition that traditional smallscale American innovators needed new facilities to learn and practice their crafts.
Visionaries like Dale Dougherty and later Limor Fried (Lady Ada) began to advocate for
an open workshop model, available to all. This model works equally well for high-tech
entrepreneurs, small scale artisanal craftspeople, and for artists such as puppeteers.
One the very best examples is Futureworks Makerspace NYC in the Sunset Park area
of Brooklyn. Operated by Scott Van Campen, with a very capable support team, this
facility consists of 17,000 square feet of tools and machinery and an additional 10,000
square feet of user-accessible storage.
Futureworks Makerspace NYC has facilities for 3D printing, electronics, plastics
forming, industrial sewing, embroidery and laser cutting, along with complete
woodworking, metalworking and machine shops. Equally important, there is a resident
community of makers and staff to teach, to share skills, and support each other.
My own arrangement with the Makerspace is typical. I pay U.S. $150 for an annual
associate membership. I then pay U.S. $50 for a package of three Maker day-passes,
which give me access to the non-industrial equipment, such as the 3D printers and
lasers. One additional Maker-day per month comes with the membership. For $100 I get
three Pro day-passes, which give me access to all of the equipment, except for a few
particularly hazardous systems that are only operated by the staff.

There are three Ultimaker 3 3D printers that are shared among all Makerspace
members. Since most of the prints that I ran for Mike run in the range of 30 to 40 hours,
I needed to start them when the workshop was closing for the week on Sunday
afternoon. I could then harvest them off the printer on Tuesday morning,
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Refining our 3D Printing Workflow with Ultimaker Cura
It took no more than a week to perfect our 3D printing workflow.
First, Mike would sculpt a head in Forger, and export an OBJ file, which he would email
to me. I would load it into Ultimaker Cura, which is the free software that is made by
Ultimaker, and enhanced by its user community. Ultimker Cura is free, and I encourage
you to load it and try it out. It is available at
http://www.ultimaker.com/software/ultimaker-cura
I open Mike’s OBJ file in Cura, and his 3D model appears on a virtual platen.

In Cura, I can set the scale to Mike’s specifications, usually 120 millimeters horizontally,
measured across the widest point ear to ear. The rest of the scaling would follow
proportionally. I also set parameters for layer and wall thickness: more discussion about
that later.
I then tell Cura to output a gcode file, which is the format needed by the printer, and
write that file to a USB thumb drive.
Fine Tuning the Model with Autodesk Meshmixer
Meshmixer is a free 3D mesh editing and sculpting program offered by Autodesk, the
best-known vendor of computer aided manufacturing software. It is powerful, easy to
use and quick to learn. Mike and I frequently use it for final adjustments prior to printing.
It is available at http://www.meshmixer.com/download.html
Here is an important tip: Meshmixer won’t load Forger OBJ files directly. There is an
incompatibility in the file formats. The workaround for this is to first load the Forger OBJ
file into Cura, export it from Cura in OBJ format, and then load that file into Meshmixer.
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And, with that, we are ready for printing.

First, I load a reel of Ultimaker Tough PLA filament into the back of the printer:

Applying a thin coat of UHU stic will ensure that the first layer of plastic adheres to the
glass platen:
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I insert the USB thumb drive with Cura’s gcode file into the socket on the printer, and
press start.

I watch the print for about half an hour, to ensure that it has started successfully, and
then return thirty to forty hours later to pick up the print. The display on the printer will
tell me exactly how long the print cycle will take.
Here we see a marionette head in the final few minutes of its print cycle. You can see
the cone shaped nozzle depositing a layer of melted plastic onto the surface of the
forehead. We can also see the temporary supports that allow a rounded shape to be
formed on the flat glass platen.
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3D Printing for Puppet Makers
Fused Filament Fabrication
Fused Filament Fabrication on the Ultimaker 3 is my method of choice. The processor
in the printer guides the print head right and left, or forward and back along the X and Y
coordinates. The print head prints a slow steady feed of liquid plastic which is melted
from a spool of filament. After each layer, the glass platen is lowered by a fixed amount,
giving us depth on the Z axis.
There are three controls to FFF 3D printing that all work together:
-

Filament selection: Choosing the correct material for the print
Print parameter selection: Setting the adjustable factors for the print
Print finishing: Cleaning and sanding the print before use

Filament Selection and Finishing
The selection of a filament drives all of the other choices to be made. After some
experimentation, I selected Ultimaker Tough PLA, which is a trade name for a polylactic
acid plastic with additional polymers. A 750 gram reel is $60, including shipping, and will
yield three to four standard 120 millimeter marionette heads.
The filament selection becomes critical at finishing time. As you can see in the photo of
the finished head above, the Ultimaker Cura software automatically inserts vertical
supports to allow a rounded surface to be printed on the flat glass platen.
To finish a print, we need to remove those supports. The software leaves them with thin
points of attachment, so that they can break away easily. I use a sharp pair of wire
snips. When the supports are removed, they leave ridges and grooves that need to be
smoothed away.
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To clean up a print, I lay a fresh sheet of 220 grit sandpaper flat on the workbench and
grind the head hard against it.

After all of the imperfections left by the supports are ground away, I’ll finish the entire
surface with 400 grit sandpaper.
It’s here that the choice of filament becomes critical. I could, for example, use plain PLA
filament; that is, polylactic acid plastic without the added polymers. However, I found
that it was too soft: the initial sanding would take off too much material and distort the
shape of the head.
Tough PLA sands down with a very slightly rough finish that feels like fine ground glass.
That is vitally important for puppeteers, since it provides a good surface to take acrylic
paint.
Setting Printing Parameters
Once we know the filament we’re going to use, we can fine tune the printing parameters
in the Ultimaker Cura software interface. These parameters are written into the gcode
file that will be read by the printer.
Ultimaker Cura is intimately integrated with the Ultimaker printers, and with their
filament. It is certainly possible to use third party filament successfully with Ultimakers,
but one of the major advantages of using filament sold by Ultimaker is that all of the
parameters are predetermined.
In fact, reels of filament made by Ultimaker come with a near-field communications
(NFC) chip that automatically tell the printer what type of filament has been loaded.
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This is the parameter interface in Ultimaker Cura:

I select Ultimaker Tough PLA in the materials menu. I then leave almost all of the
parameters default, with the following important exceptions:
-

Set a layer thickness of 0.1 millimeter (one tenth of a millimeter). Thicker layers
would print faster, but would leave unacceptable thin horizontal grooves.

-

Disable infill by setting the infill percentage to zero. This is necessary because I
am making a hollow puppet head. A non-zero percentage would instruct Cura to
build internal structures for strength.

-

Ultimaker Cura lets me set separate wall thicknesses for the top, bottom and the
rest of the print. I set all thicknesses to three millimeters. In Cura, that is the
same as setting 30 layers, when the layers are .1 millimeters thick. We found this
to be the perfect thickness for a marionette head that would later be fitted with
mechanisms.
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-

Turn on supports.

-

Add the printing of a brim, which is a thin layer of plastic that holds the print down
to the platen when it is first becoming established. This easily peels off later.

Troubleshooting 3D Printing
Here are some problems we encountered, and their solutions:
-

Since the heads print face up, if we make the eyes too deep they will form
unsupported tubes inside the skull. These tubes will collapse into threads. This
probably will not damage the head, but it requires additional cleanup. The
solution is to sculpt the eyes as shallow surfaces, to be cut away later when the
eye mechanisms are fitted.

-

If protrusions, such as ears, extend out too far from the skull, their supports may
collapse in the printing. However, by the time they do, the surfaces they were
supporting will generally have already been established. There is a provision in
Cura to suppress supports on some surfaces, or to change the angle at which
supports are deemed necessary. If the error didn’t damage the head, we can
just clean up the stray threads and ignore it.

-

It may be tempting to print tabs, for tab and slot limb construction. Tough PLA is
strong across surfaces, but may not have enough strength to resist shearing. Try
printing a simple right-angle test plate, and see how much strength it takes to
break it apart. We found that our tabs needed to be made of metal.

-

Sometimes we see faceting in a print: the flat planes that make up the sculpture
become large enough to be visible on the print, You can see clear examples
around the nose and cheek of the print below. Faceting can be cured by
sculpting to a larger scale, and using a virtual smoothing brush on the sculpt.
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Printing Limbs
After we finished our first batch of heads, we began 3D printing limbs as well. The
platen below contains one upper arm, one lower arm, one upper leg, one lower leg and
one male shoe. The ones on this platen are designed for tab-and-slot assembly.

Limb making is similar to head making. Mike models the limbs in Forger and emails me
the OBJ files. There is an additional step: we need to do precision adjustment of the
sculpt in Autodesk Meshmixer.
You can see the model loaded into Meshmixer below. Using Meshmixer’s Edit menu, I
closed the cracks and made the model into a solid. In this case, I needed to shave off a
bit of the model in the curve at the very end of the socket. This isn’t possible in Forger,
but easy to do in Meshmixer.
This is a version of a lower leg that is intended for spindle assembly, rather than tabsand-slot.

After printing, I found that cleaning up the limbs is a bit more difficult than cleaning
heads. That’s because the smaller parts are harder to grasp and grind against the
sandpaper, and because the grooves and ridges left by the printer are more
pronounced. I solved the problem by using 80 grit and 120 grit sandpapers before the
220 and 400 grit.
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Trying Stereolithography
There is a second type of 3D printing called stereolithography. My attempt to use it led
to another interesting failure.
Stereolithography uses a computer-guided laser to selectively harden a liquid resin in a
moving bath. I tried using the Makerspace’s Formlabs resin printer with a hard resign
used for making dental surgical guides. The resin is expensive, and it requires separate
washing in alcohol and additional curing time. This process creates a very smooth print,
requiring very little sanding. However, the hardened resin was far too brittle, and a fairy
arm that I created for Puppetworks lost a finger and a thumb in performance.

3D Printing: Our Results
I sent our first two finished heads to Mike Paterson in less than ten days, and he had
fitted the mechanisms by the end of January. Another six followed by the end of March,
including three identical goat heads. Limbs and feet followed later.
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Laser-Cut Marionette Parts
We next experimented with laser cutting for marionette parts. Futureworks Makerspace
NYC has four 60-watt VLS 4.60 VersaLASER systems, made by Universal Laser
Systems. This tool can be used to mark and engrave, as well as cut, but the cutting
capability is the most important for us.

The VersaLASER can cut and engrave a wide variety of materials, including most
plastics. For our purposes, the important thing is that it can easily cut organic materials
one quarter inch thick or less. The cuts have no kerf; that is, the cut line consumes no
significant amount of material. The line is also incredibly precise: we can reliably cut
shapes to a 1/64” precision, and holes the size of a human hair.
The bed of the laser is 24” by 18”. It is made up of honeycomb steel which the laser
can’t cut through.
A first experiment: Laser cut puppet limbs
Our first project with the VersaLASER was to make a marionette leg. This is a good
demonstration of laser cutting techniques.
First, I segmented the three-dimensional leg shapes into 1/8” thick layers, like so:
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The versaLASER is connected to a desktop computer that treats it as a printer. If I print
a PDF file containing shapes drawn in red hairlines, those lines are cut.

In this case I put a 24” x 18” sheet of medium density fiberboard (MDF) onto the laser
bed, started the air pressure and vacuum that draws smoke and fumes out of the laser,
and pressed the start button. All of the cuts were finished in less than ten minutes, and
the material was immediately cool to the touch. The results are so smooth that no
sanding is needed: we can go right on to assembly.
Medium density fiberboard is made up of wood fibers embedded in a resin. It’s smooth,
consistent and easy to shape and glue. However, it is also easily damaged if exposed
to water. That’s easily countered by coating it with a waterproof glue.
Referring to the pattern above, you can see how the cut layers were assembled into the
leg that I am holding below. I smoothed a little waterproof Titebond III glue onto each
surface, stacked them together, and clamped them for a few hours to let them dry.
The two innermost layers are cut long in the lower leg, and cut short in the upper leg,
providing a built-in tab-and-slot joint. Drilling a small hole through the joint and inserting
a wire completes the project.
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The laser legs were not, strictly speaking, a failed project. With some additional fine
tuning, these might well be usable puppet legs, if they were hidden under clothing.
However, the limbs were mostly visible in the characters that Mike was constructing. 3D
printing the limbs, while slower and more expensive, was more appropriate.
Laser Cut Marionette Bodies
We were now ready to construct laser-cut marionette bodies. Mike sent me this sketch
of a chest and pelvis. It actually yields four different types of parts which will be stacked
together. Ignoring the sections with cross-hatches for a moment, there is a solid chest
cover, and a solid pelvis cover, that go on the front and back.
Then, by cutting away the cross-hatched portions, we get the inside layers. When they
are all stacked together, we get a hollow, harp-shaped box for the chest, and a wingshaped pelvis. The chest can be assembled with small screws to allow access to the
internal space where the limbs, head and lower body are attached. The pelvis with have
a center hole where the cord leading to the upper body can be knotted in.

I scanned Mike’s sketch and loaded it into Adobe Illustrator. Splitting and mirroring the
patterns vertically ensured that they were symmetrical. That yielded a laser cutting
pattern like this:
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From left to right, we have two hollow chest layers, two solid chest layers, then an inside
pelvis above a solid pelvis cover, and then the pelvis pair repeated. The inside pelvis
has a hole for the knot in the cord that will connect the puppet body together vertically.
All of these parts will be cut apart separately, and fall away, as soon as the laser is
done.
We wanted the body parts to be exactly a quarter of an inch thick, so that Mike could
stack them together to any thickness, and fasten them together with glue or screws.
And we wanted them to be made out of hardwood so that the rest of the marionette
could be securely attached, and to ensure a long trouble-free life.
I began by buying poplar planks, 48” long by 6” wide by ½” thick. Poplar is a lightweight
hardwood, with a weight comparable to pine. It’s strong and inexpensive; it’s very
popular for puppetmaking.
I ran the boards through the planer in the Makerspace NYC woodshop, alternating sides
until I had reduced the ½” thickness to ¼”. Then I cut them into two 24” lengths so that
they would fit into the laser.
I could have bought ¼” thick boards instead, but I wanted to control the planing process
to make sure that they were absolutely flat and smooth.
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The bodies had an attractive symmetry as they were being cut in the laser.

In only a few hours, I had all of the body parts that Mike would need for the entire
project. To save on shipping costs, I ended up packing them, a few at a time, into
padded mailing envelopes, and sending them to England in the first-class mail.
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Metalworking: To create the perfect tab
If the 3D printed head is the most visible part of the marionette, the tabs that link the
elbow, knees, ankles and feet together are the least visible. Still they are worthy of
attention. They are subject to significant stresses in performance, and there are few
things as embarrassing as having an arm come off in the middle of a musical number.
When I learned the craft in the 1970s, tabs were cut from trunk fiber, a sort of primitive
plastic cut from the lids of old touring trunks. And some performing marionettes are still
held together that way, even now. But given that I have access to a full industrial metal
shop at Makerspace NYC, and that Mike was using tab-and-slot assembly, I decided to
try to make the perfect indestructible tab.
To begin with, I laid out the tabs on a paper template.

We needed two sizes of tabs: 5/8” x ¼” and 1” x 1/4”. In both cases, there should be a
1/16” hole centered on each end, and all four corners should be rounded to keep the
tabs from catching on the slots.
I used a water soluble glue stick to adhere the templates onto sheet metal, to mark
them for cutting and drilling.
I drilled out the holes with a 1/16” split cobalt bit. Using a high-speed drill, there was no
need for a center punch.
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I next split the drilled plate into strips using a hydraulic Birmingham shear.

I then cut the tabs with an angle cutter and rounded the corners with a belt sander.

Here are the tabs, just before I shipped them to Mike in England.
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Alloy Selection for Tab Making
The size of the slots in the limbs gave us an optimal metal thickness: .063 inches
exactly, so the metal plate sourced for the tabs was .063 inch stock.
After much experimentation, I found the correct alloy. It’s called aluminum alloy 2024.
It’s an aluminum-copper alloy usually used for lightweight high-reliability fabrication,
such as aircraft parts.
Aluminum alloy 2024 is easy to work, resists unwanted bending, and is highly resistant
to metal fatigue. The specifications say that this alloy is somewhat prone to corrosion
due to its copper content, but joint tabs are not exposed to moisture and I did not
encounter any sign of it.
Aluminum alloys 5052 and 6061 should also work. However, stainless steel alloy 304
does not machine well: it hardens as we grind it.

Conclusions: What did we learn?
-

First, it can be easy and joyful for an existing master character sculptor to convert
his skills to 3D modeling. The modeling software is built around the paradigm of
the human hand applying tools to clay, so the learning curve is short. In our case,
it took two days from a cold start to make the first printable sculpt, and two days
more before we could hold that printed sculpt in our hands.

-

Nothing is lost, and much is gained, when a master character sculptor turns the
hands toward online sculpting. Gone are the endless hours of mold making and
casting, the inevitable lost work due to air bubbles and unexpected overhangs in
the mold, and the sense that the material has a mind of its own. They’re replaced
with absolute flexibility, painless refinement, and lightning-fast turnaround times.

-

The sculptor’s style is respected and enhanced. Mike’s style is is heavily
influenced by his lifetime study of the great Bil Baird, but it is very much his own.
All of that mastery transferred seamlessly to the 3D online medium, losing
nothing.

-

3D printed puppet parts are strong, lightweight, easily balanced, and take paint
well.

-

In general, 3D printed parts may make more economic sense when they are
visible to the audience and carrying sculptural detail. Laser cut parts may make
more sense for hidden ones.

-

For a puppet maker, or for any artist, joining a well-run Makerspace is a powerful
lever. We gain economical use of tools that would be otherwise out of reach, and,
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more importantly, we join a community of craftspeople where we can learn and
share our expertise.
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Appendix: References
Ultimaker Cura software: https://ultimaker.com/software/ultimaker-cura
Autodesk Meshmixer: http://www.meshmixer.com
The Forger App: https://forgerapp.com
The Ultimaker 3D printer: www.ultimaker.com
Futureworks Makerspace NYC: https://www.makerspace.nyc
Puppetworks, in Brooklyn New York: www.puppetworks.org
The .063” thick 2024 aluminum-copper alloy used for the tabs is available from
www.onlinemetals.com
The hardwood laser parts were cut from 48” x 6” x ½” poplar project boards, available at
Home Depot.
I highly recommend the Facebook groups:
Puppet Makers Workshop
Marionettes, Puppets on Strings
3D printed marionettes and puppets, newly created by Daniel Dold.
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