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Figure 1: Speed-Modulated Ironing is a novel 3D printing technique for FDM 3D printers to continuously program visual and
tactile properties at a high resolution. It works by using one nozzle to lay down the filament, followed by the second nozzle
that activates the temperature response of the material by "ironing" the printed layer at varying speeds, changing the achieved
property. Our method can be used for different temperature-responsive filaments.

ABSTRACT
We present Speed-Modulated Ironing, a new fabrication method
for programming visual and tactile properties in single-material
3D printing. We use one nozzle to 3D print and a second nozzle to
reheat printed areas at varying speeds, controlling the material’s
temperature-response. The rapid adjustments of speed allow for
fine-grained reheating, enabling high-resolution color and texture
variations. We implemented our method in a tool that allows users
to assign desired properties to 3D models and creates correspond-
ing 3D printing instructions. We demonstrate our method with
three temperature-responsive materials: a foaming filament, a fila-
ment with wood fibers, and a filament with cork particles. These
filaments respond to temperature by changing color, roughness,
transparency, and gloss. Our technical evaluation reveals the capa-
bilities of our method in achieving sufficient resolution and color
shade range that allows surface details such as small text, photos,
and QR codes on 3D-printed objects. Finally, we provide application
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examples demonstrating the new design capabilities enabled by
Speed-Modulated Ironing.
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1 INTRODUCTION
Material extrusion 3D printing is becoming a widespread tech-
nology that is being used for an increasing number of applica-
tions. With the ultimate goal of fabricating 3D objects in one go,
researchers and makers aspire towards the ability of 3D printers
to process parts with multiple properties [2]. Printing parts with
different colors, textures, and other visual properties and doing so
at a high resolution is essential for many applications.
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For multi-color or multi-property printing, the standard work-
flow is to usemultiple materials, eachwith their own properties [12].
However, in this approach, a material can only be assigned to a dis-
crete region in the 3D print, making it impossible to assign values
"in-between" and to fabricate graded transitions. Other methods
include a pre-processing of the filament prior to 3D printing [14]
or mixing materials in the nozzle [30], all of which require addi-
tional hardware or printer modifications. Alternatively, approaches
based on using the temperature response of some specific filaments
have been proposed. These include foaming filaments [19] and
wood-filled filaments [16]. With these materials, heat can be used
to locally vary the resulting properties during printing. In existing
work, the printing nozzle temperature is used to vary, for example,
the color or roughness of the printed part. However, nozzle tem-
perature cannot be rapidly changed, which significantly limits the
resolution of the achievable property variations.

Eliminating the dependency on the slow nozzle temperature
change and allowing high-resolution, fine-grained control of visual
and tactile properties, we present Speed-Modulated Ironing. Our
novel method works by using one nozzle of an unmodified dual-
extruder 3D printer to lay down the filament and the second nozzle
to control the temperature response by passing over the deposited
layer, exposing it to varying levels of heat. The key idea that enables
continuous property variations is to vary the heat the second nozzle
applies by modulating its speed rather than the slow heating and
cooling of the nozzle. The rapid changes in the applied heat also
allow for high-resolution variations in the resulting properties. We
present a design tool that implements Speed-Modulated Ironing, and
a user interface that allows users to assign desired visual and tactile
properties to 3D models, which, on export, are converted into 3D
printing process instructions (gcode) for Speed-Modulated Ironing.

We discuss results from our technical evaluation that provide
insight into how the ironing parameters, temperature, and speed
influence the achieved variations in properties. Finally, we provide
application examples that demonstrate the new design capabilities
enabled by Speed-Modulated Ironing, such as single-material objects
with varying color shade, translucency, and tactile texture across
their surface.

Our main contributions are summarized as follows:

• a fabrication technique, called Speed-Modulated Ironing, that
enables continuous programming of temperature-responsive
filaments to provide fine-grained control over visual and tactile
properties of objects 3D-printed with a single material.

• a design tool that allows the assignment of these properties to
3D models for Speed-Modulated Ironing.

• a set of applications with continuously varying properties cre-
ated with our design tool.

• a technical evaluation of how ironing parameters relate to
achievable details and property variations.

2 RELATEDWORK
Our work is related to multi-property FDM 3D printing, leveraging
material response to 3D printing parameters, and modified 3D
printing strategies.

2.1 Multi-Property FDM 3D Printing
3D printed objects that result from FDM 3D printing typically only
have a limited number ofmaterial properties since each extruder can
only be assigned a single material at a time. To overcome this limita-
tion, researchers investigated how to fabricate gradients of different
materials. For instance, researchers showed how to create gradient
color by interleaving black and white filaments to create grayscale
images [11, 24]. A different approach to fabricating gradients of
different materials is to use custom hardware that feeds multiple
filaments into a single mixing nozzle at varying rates [7, 25]. Since
different print temperatures and print speeds required by different
materials limit what materials can be mixed together, Takahashi et
al. proposed to pre-fabricate a filament that consists of individual
segments made from different materials [15, 29]. While this allows
for a more diverse range of materials, the filaments need to be pre-
fabricated for each individual 3D-printed object. Addressing this
issue,Mosaic provides a custom hardware add-on that can assemble
a filament from different filament spools on the fly depending on
the 3D model that is being printed1. However, the properties of
the 3D-printed object are still limited to the number of spools the
hardware can process in one print job.

2.2 Leveraging Material Response to 3D
Printing Parameters

The 3D print quality, surface finish, and mechanical properties of
FDMprinted parts are dependent on process parameters (e.g., nozzle
temperature, print speed) and slicing settings (e.g., layer height, line
width, infill density, and type) [6, 23]. Thus, these parameters allow
controlling certain properties of the printed part, such as strength
and toughness [10, 27], or shape memory [20, 26].

While the previously mentioned works use common filaments to
program material properties, there are also filaments with additives
that can be triggered by heat to obtain a significant and visible
response. For example, filaments withwood particles become darker
when printed at a higher temperature and have been used to vary
color shade in a print [16]. Another category is foaming filaments [9,
18]. These filaments contain a foaming agent that, when extruded,
expands the material volume into a closed-cell foam structure. The
properties of the 3D printed foam depend on the heat applied,
which, when varied, can produce various visual and haptic [19],
as well as mechanical properties [3, 4, 21]. While researchers have
presented strategies to apply such filaments at different states in 3D
printed objects, all of the strategies rely on using the relatively slow
temperature change of the printing nozzle. This leads to limited
freedom and resolution in locally varying properties. We discuss
these challenges in more detail in Section 3.

2.3 Modified 3D Printing Strategies
To expand the capabilities of 3D printers, researchers have de-
veloped a number of custom 3D printing strategies. For instance,
WirePrint [17] moves the print head along the z-axis to create tool-
paths that 3D print the objects as a wireframe for fast prototyping.
Furbrication [13] uses rapid movements of the print head to create
hair-like structures by leveraging the stringing properties of the

1https://www.mosaicmfg.com/products/palette-3-pro
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Figure 2: The process of the Speed-Modulated Ironing. A) Printing: One layer of material is deposited at a low temperature
by the first nozzle. B) Programming: After the layer is printed, the second nozzle irons over the layer at a high but constant
temperature. By varying the ironing speed, the amount of reheating and, therefore, activation of the material is controlled. C)
Thermal camera image of the Speed-Modulated Ironing process. One region is ironed at a low speed, significantly re-heating the
printed layer. Another region is ironed at a high speed, not visibly reheating the layer. The nozzle temperature and nozzle
height are kept constant. D) A print with a color gradient image is fabricated with our method

filament. DefeXtiles [5] uses different rates of under-extrusion to
produce textile-like structures with varying flexibility within 3D
printed objects. Similarly, Velocity Painting uses under-extrusion
due to rapid print speed changes to create visual patterns on the
object’s surface [32]. Expressive FDM [28] modifies the height of
the extruder in conjunction with the amount of deposited mate-
rial, which results in different printed patterns, thereby forming
various haptic structures. All of these works have in common that
they enable new 3D printing capabilities without modifying the 3D
printing hardware. Our work is in line with these related papers
in that we leverage the existing unmodified hardware and embed-
ded control systems to fabricate parts in an unconventional and
new way. Unique in our approach is that we separate the printing
from the programming step to achieve the desired visual and haptic
properties, expanding the capability of the 3D printer.

3 METHOD: SPEED-MODULATED IRONING
Speed-Modulated Ironing is a novel fabrication technique to achieve
high-resolution shade and texture gradients by continuous fine-
grained programming of temperature-responsive filaments. In our
method, every layer is first printed and then re-heated by a second
nozzle, which irons over the layer at a constant temperature but at
precisely controlled speeds, see Figure 2. By separating the printing
step from the programming step, we address the inability of a
printing nozzle to change temperature rapidly. This allows us to
locally vary the applied heat with precision and thus, to change
properties of temperature-responsive filaments at an unprecedented
resolution. In this section, we introduce the used materials, discuss
the challenges of fine-grained temperature control, explain the
working principle of our method, and present our theoretical model
of ironing-induced heating.

3.1 Temperature-Responsive Filaments
Our method utilizes the ability of some materials to obtain varying
color shade, texture, and translucency when exposed to different
levels of heat. In this paper, we present our work on three off-the-
shelf 3D printing filaments; however, in principle, our approach
can be used for other temperature-responsive materials as well.
The first filament is a foaming filament, which contains a foaming

agent that causes the filament to convert into a closed-cell structure
when heat is applied. The higher the applied heat, the more the
foam expands, leading to larger cells. The cells in the foam structure
scatter light, resulting in a brighter color appearance and increased
opacity. In addition, the cells result in a coarser tactile feel of the
surface. The type of foaming filament used in this work is LW-
PLA2. As the second and third material, we use PLA filled with
wood fibers (Woodfill3) and with cork fibers (Corkfill 4) respectively.
The last two filaments have a comparable temperature response,
they obtain a progressively darker color shade when exposed to
higher temperatures due to pyrolysis [16].

3.2 Challenge: Fine-Grained Control of Applied
Heat

Our goal is to be able to create 3D prints with local property vari-
ations that are continuous and have a high resolution. While the
temperature-response of filaments has been used before to locally
vary appearance or other properties in 3D prints [16] [19], none of
the existing methods is capable of reproducing high-resolution
shade and texture details, since they rely on changing the printing
nozzle temperature, which is very slow and challenging to control.
For example, to obtain significant color change in Woodfill filament,
the nozzle temperature must vary between 195◦C and 300◦C, which
takes tens of seconds on most 3D printers. Since rapid changes in
nozzle temperature are not possible, existing approaches rely on
segmenting the 3D geometries into discrete regions, each printed
at one temperature. The temperature changes are then done in-
between printing the segments. Furthermore, the nozzle needs to
be purged frequently when a filament that has been exposed to a
high temperature is present in the nozzle, but the next part needs
to be printed at a lower activation level. This results in long print
times, and increased material waste. The segmentation imposes
significant limits to the achievable resolution, as every segment is
printed in a separate path, losing the continuous nature of extrusion
3D printing. The smoothness of graded transitions is also limited
since gradients are divided into discrete steps and truly graded

2https://colorfabb.com/lw-pla-black
3https://colorfabb.com/woodfill
4https://colorfabb.com/corkfill
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transitions are only possible in the z-direction of printing, the only
case where the nozzle has sufficient time to achieve the required
temperature. These limitations make the approaches that change
printing nozzle temperature unsuitable for our purpose.

3.3 Programming Through Ironing
Working principle:We separate the 3D printing and re-heating
for programming into two consecutive steps using an unmodified
dual-nozzle 3D printer. The first nozzle is dedicated to the primary
task of 3D printing the filament at a relatively low nozzle tempera-
ture that does not cause any temperature response of the material
(see Figure 2a). The second nozzle is empty (i.e., does not have any
filament loaded into it) but is used for programming the properties
by re-heating the already printed layer of material. The re-heating
is done by moving the empty heated nozzle over the print while
slightly touching, "ironing", the top of the printed layer. The tem-
perature increase in the layer triggers a temperature response of
printed material, such as change in color shade. The separation
of the 3D printing and programming into two steps allows us to
leverage the accurate motion control of the printing head since the
speed of the ironing nozzle can be rapidly and precisely changed
within a layer, unlike nozzle temperature. We keep the ironing noz-
zle temperature constant and modulate the applied heat through
variations in ironing speed (see Figure 2b). Slow ironing causes the
layer to heat up more than when ironing at a faster speed (see Fig-
ure 2c). We choose to use separate nozzles for printing and ironing.
Doing both steps with the same nozzle is impractical as it requires
long temperature changes at every layer. This increases print time
significantly and exposes residual material in the nozzle to high
temperatures for prolonged times, which will likely clog the nozzle.
We derive the name of our method from the known concept in 3D
printing, "ironing", where the top surface of a 3Dmodel is smoothed
by a nozzle at a constant speed.

Ironing workflow: The main input to our workflow is the gcode
of a sliced geometry for a single-nozzle 3D print prepared by the
user. Gcode instructions for the ironing by the second nozzle are
inserted into this input gcode while all 3D printing instructions and
features, such as inner walls, infills, and support structures, remain
unchanged. This workflow also preserves the user preferences of
slicing, machine, and material-related settings for 3D printing. A
schematic overview of the workflow is shown in Figure 3.

Since we are interested in the color shade and textures of 3D
objects in this work, our method applies the ironing step only to
the outer contour in each layer. For each layer of the 3D print,
we extract the contour geometry of the outer wall from the input
gcode. To this contour, we apply sampling points at a distance that
we tested as short as 0.2mm. For each point, we then sample the
intended property value (color shade, texture, translucency). The
property values can be defined via an image, such as the color
texture image of a 3D mesh file, or the user can project an image
onto a 3D geometry directly in our tool (see Section 4).

Each sampled value, for example, target color shade, is then
mapped to an ironing speed that will yield the required re-heating
and, therefore, corresponding color change in the material. Using
these modulated speeds, we create ironing toolpaths and insert
these into every layer of the input gcode, together with the printer

nozzle tem-
perature [◦C]

min speed
[mm/s]

max speed
[mm/s]

LW-PLA 300 1 60
Woodfill 325 1.5 10
Corkfill 325 1 20

Table 1: Ironing nozzle temperature and ironing speed ranges
for the three materials used in our method.

instructions for the nozzle changes. The final gcode file can be sent
to the 3D printer for fabrication.

Ironing parameters: For each of the used materials, we deter-
mined the ironing parameters that yield the desired results. We
aimed for a maximum difference in the property (color shade, tex-
ture, translucency) while keeping the structural and 3D detail in-
tegrity of the 3D printed shape. For example, a too-high ironing
temperature or too-slow ironing speed may be able to trigger a
response of the material but at the same time damage the printed
structure. Possible damages include an unintended roughening of
the surface or even holes in the printed part. This means that the
ironing parameters need to be well-balanced. The main parameters
we investigated were ironing temperature, ironing speed range, and
ironing height. Table 1 presents the ironing parameters we use in
our method.

We tested different ironing nozzle heights, which were measured
as the distance from the printed layer. When the ironing nozzle
is too high, there is too little to no contact with the printed layer,
which leads to insufficient re-heating and, therefore, no property
change. An ironing nozzle that is too low will "dive" into the printed
layer, causing visible damage. The best results were obtained when
there was no height difference, i.e., the tip of the ironing nozzle was
at the same height as the top of the printed layer. This requires a
well-calibrated z-offset of the two nozzles in the 3D printer. Many
modern 3D printers have an auto-bed leveling feature that can be
used to address this issue.

3.4 Theoretical Model
The relationship between the ironing speed and the temperature
obtained in the material has shown to be highly non-linear in our
initial tests. To be able to control the temperature response of the
material accurately, a better understanding of this relationship was
needed. We therefore developed a theoretical model for ironing-
induced heating. We use the reached material temperature as a
proxy for color change in our model. For Woodfill, the relationship
between temperature and color change has shown to be linear
within a temperature range of 200◦C and 300◦C [16].

We model the system as a 1D conductive heating problem of a
semi-infinite region with one-sided heating. The ironing nozzle acts
as the heat source and is in close proximity or direct touch with the
printed layer. The printbed is an adiabatic surface of fixed temper-
ature. Since convection to air is minimal when ironing is actively
occurring, we ignore its contribution in our model. Consequently,
the heat transfer equation for our model is:
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Figure 3: Speed-Modulated Ironing workflow. Starting with a gcode for a single-nozzle print, we extract the toolpaths of the
outer wall for every layer. This contour is then subdivided at the sampling length (0.2 mm) and used as the ironing path. The
gcode for the ironing operations is merged with the input gcode, and the merged output can be sent for 3D printing.

Figure 4: User interface of the Speed-Modulated Ironing tool with the main interface to generate a gcode and the steps to follow
by users. First, the user selects the material and chooses the input mode. Then, the user points to the project directory that
contains the input files. When using Textured OBJ mode, the textured mesh in converted to ironing paths and a preview image
of the generated gcode is shown. After selecting "generate gcode", the printing file is exported and can be fabricated.
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where 𝑇 is the temperature of the material, 𝑧 is the (vertical)
distance from the heat source (ironing nozzle), 𝑡 is the time, and 𝛼
is the thermal diffusivity of the material. We solve the governing
heat transfer differential equation (Equation 1) as a function of 𝑧
and 𝑡 :
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√
𝛼𝑡

𝑘

)]
(2)

where "erfc(x)" is "1-erf(x)" (error function). The boundary condi-
tions are𝑇 (𝑧, 0) = 𝑇𝑏𝑒𝑑 , constant heat flux at surface, and𝑇 (∞, 𝑡) =
𝑇𝑏𝑒𝑑 . Under these conditions, using constant values for PLA (𝑘 =

0.1𝑊 /𝑚𝐾 , ℎ = 50𝑊 /𝑚2𝐾 , 𝛼= 10−7 𝑚2

𝑠 ) [22, 31], and substituting 𝑡
with 𝐷𝑛𝑜𝑧𝑧𝑙𝑒/𝑉𝑖𝑟𝑜𝑛 (where 𝐷𝑛𝑜𝑧𝑧𝑙𝑒 = 1.3𝑚𝑚), the exact governing
solution for the heat transfer equation is expressed as:
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Figure 5: Modeledmaximum temperature of thematerial as a
function of different ironing speeds, for nozzle temperature
340◦C. A) The obtained temperature at the top of a layer z=0.
B) the temperature at z=0.15, the bottom of the layer.
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13

+ 21
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)] (3)

where 𝑇 is the material temperature (◦C), 𝑧 is the distance from
the heat source (mm), and𝑉𝑖𝑟𝑜𝑛 is the nozzle’s ironing speed (mm/s).𝑇𝑏𝑒𝑑
is the printbed temperature, which is held constant at 60◦C, and
𝑇𝑖𝑟𝑜𝑛 , is the ironing nozzle’s temperature.

Figure 5 shows the modeled maximum temperature of the mate-
rial as a function of different ironing speeds, assuming an ironing
nozzle temperature of 340◦C.

We validate our model with experimental data in Section 6 and
use the insights of the non-linear relationship between ironing
speed and locally obtained temperature for the mapping of the
desired property change to ironing speed in our tool, as discussed
in Section 4.

4 SPEED-MODULATED IRONING TOOL
We developed a tool with a user interface that allows users to
apply our method in their 3D printing workflow5. It provides an
accessible way for makers to create locally varying shades, textures,
and translucency with a single material using their unmodified 3D
printers. In the recommended mode, the tool currently supports
the three materials we have used in this paper without the need to
modify any settings. For advanced users or for users who want to
apply the method to not-yet-tested materials, we also provide the
option to change the ironing parameters and other settings of our
tool. The tool and the interface are implemented in Rhinoceros 3D
Grasshopper and can be considered as a gcode post-processor since
it generates and adds the computed ironing printer instructions to
existing gcode files.

File preparation and gcode generation: The user interface and
the steps to use the tool are presented in Figure 4.

5https://github.com/zjenjad/speed-modulated-ironing

Prior to using the tool, the user needs to slice the geometry
for their printer with standard slicer software. Our current imple-
mentation assumes the file is sliced using Cura6 slicer. We share
recommended Cura settings along with the Speed-Modulated Iron-
ing tool. The first step in our tool is to choose the material to be
used, which defines the ironing settings (step 1 in Figure 4). This is
followed by selecting the texture input mode, which is either image
projection or textured OBJ mode (step 2 in Figure 4). Next to the
pre-sliced gcode, the required input files depend on the selected
input mode. The textured OBJ mode, requires a textured mesh file
(in the Wavefront OBJ file format) and a 3MF file (exported from
Cura along with the gcode). All the input files need to be stored in
a project directory, and this folder has to be selected on the inter-
face (step 3 in Figure 4). The texture or projection image should be
included in the same folder, which can be selected and viewed on
the interface (step 4 in Figure 4).

Our design tool reads all the documents from the folder and
processes them as follows: First, the gcode file is used to extract the
outer wall toolpaths for every layer, which are used as the contour
path for the ironing. This contour is subdivided into segments of
0.2mm to get the sampling points (Figure 3). In the textured OBJ
mode, the mesh is automatically aligned with the gcode by using
the transformation matrix from the 3MF file. Then, using the UV
mapping values from the OBJ mesh, for every sampling point, the
color values from the OBJ texture file are extracted and converted
to grayscale values. Since the relationship between ironing speed
and color change is not linear, for every material a lookup table was
generated using equation 5 and table 2. The lookup table is used
to assign every sampling point with the ironing speed that was
found to achieve the required color change. In the image projection
mode, the grayscale values of a user-selected 2D image are projected
through the 3D model over one axis using parallel projection. Then,
for every sampling point, the corresponding grayscale value from
the 2D image is used to obtain the ironing speed using the same
lookup tables as in the textured OBJ mode.

Finally, choosing the generate gcode on the tool, the print-ready
output file is saved to the project directory. The user can see the
preview of the generated file (step 5 in Figure 4), where the preview
shows the gradients on the object surface. Depending on the chosen
material, the preview shows the expected color values that will be
obtained in the print. After exporting the gcode (step 6 in Figure
4), the file can be sent for fabrication. Figure 4 also shows the final
printed object in comparison to the preview. The combination of
material-specific mapping of the ironing speeds and high sampling
rate, the tool allows the fabrication gradients that appear smooth
and linear to the human eye.

Advanced mode: For users to experiment with the process or test
additional materials, we provide advanced settings in the tool. These
include both ironing and printing settings. In the ironing settings,
the users may control the sampling length (resolution of the speed
variations), ironing temperature, speed interval, and nozzle Z-offset.
Lowering the sampling length provides finer texture details while
resulting in a longer processing time and a larger output file. The
other settings here can be fine-tuned for new materials. We also
provide the option to change several print settings that are also
6https://ultimaker.com/software/ultimaker-cura/

https://github.com/zjenjad/speed-modulated-ironing
https://ultimaker.com/software/ultimaker-cura/
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material-dependent. For instance, standby temperature (printing
nozzle temperature while inactive) and retraction settings are help-
ful to avoid material oozing out of the printing nozzle while ironing
with the second nozzle.

5 APPLICATIONS
We demonstrate applications that are uniquely enabled by our
method to vary the color shade, translucency, and tactile texture.

5.1 Color Shade
Our approach offers precise control over shade variations within
3D-printed objects. For example, textures, decals, and text on 3D
models allow for personalized designs. By carefully controlling
the re-heating process, printed aesthetic patterns can be created,
adding additional artistic appeal to objects such as vases, mugs, or
decorative sculptures. Figure 6 shows a series of vases with different
decorative patterns applied to the surface.

Our method can also be used to fabricate 3D-scanned objects.
A textured mesh of a color-scanned owl figurine 7 was imported
into our tool (Figure 7a). The model with the texture details was
reproduced using Corkfill filament, , (Figure 7b and c), Woodfill
filament (Figure 7d), and green foaming filament (Figure 7e).

These examples illustrate the capability of our method of en-
hancing 3D prints with decorative or functional visual features.

Figure 6: Examples showing local shade variations. Each ob-
ject was printed using a single material; either Corkfill or
Woodfill was used.

5.2 Translucency
Translucency is a desirable property in various objects, and our
method enables the creation of 3D-printed objects with regions of
varying translucency. As an example of local translucency differ-
ences, Figure 8 shows transparent liquid containers with opaque
design features printed using "natural color" LW-PLA.

7Owl Ornament Statue 3D Scan by 3DRstudio https://sketchfab.com/3d-models/owl-
ornament-statue-3d-scan-a2ef1344af5143b9b0a214f969640a15

Figure 7: Example of a scanned figurine processed using our
method and fabricated with local shade variations. A) The
mesh file with texture. B) A print made with Corkfill. C)
Another print with Corkfill but with reversed brightness
values. D) Print with Woodfill. E) Print with green LW-PLA.

Figure 8: Liquid containers printed using "natural color" LW-
PLA. Regions ironed at a low speed become opaque, while
regions ironed at a high speed remain translucent.

5.3 Tactile Texture
Texture plays a crucial role in the tactile functionality and user expe-
rience of objects. Our method enables the incorporation of diverse
textures into 3D-printed objects. It allows customization of texture

https://sketchfab.com/3d-models/owl-ornament-statue-3d-scan-a2ef1344af5143b9b0a214f969640a15
https://sketchfab.com/3d-models/owl-ornament-statue-3d-scan-a2ef1344af5143b9b0a214f969640a15
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variations according to custom comfort or personal requirements,
making it suitable for a wide range of applications. This includes
textured handles for tools and appliances or ergonomic grips for
sports equipment, e.g., the bike handle example in Figure 9.

Figure 10 shows a speaker enclosure with touch buttons which
are smoother to the touch compared to the rest of the housing.
These areas also visually signal the tactile, "touchable" nature of
the buttons. This part was printed using regular PLA (i.e. without
special additives) and is, therefore, an example of our method being
applied using a commonly used printing material.

Figure 9: Bike handle fabricated using black LW-PLA. Our
method enabled varying roughness for grip and decoration.

Figure 10: Touch buttons on a speaker. The touch regions
have a smoother and glossier finish compared to the sur-
rounding area. This part was printed using regular PLA.

6 TECHNICAL CHARACTERIZATION
Our technical evaluation determines achievable color shade dif-
ference as a function of ironing speed on three types of filament:
Woodfill, Corkfill, and a foaming filament (LW-PLA, Black). We
also characterize the performance of our method in its capability
to reproduce fine shade details on the surface of objects.

6.1 Color Difference
We 3D printed samples of 80mm x 20mm to which a 2x2 rectangular
grid of different regions was applied. Two of these were the refer-
ence regions that were ironed at a constant high speed at which

no significant re-heating, and therefore no color change, occurs.
The other two regions were ironed at lower speeds and varied per
sample; these were the sampling regions (Figure 11b). All samples
were printed on an Ultimaker S5.

The samples were placed inside a diffusion box (Figure 11a)
for controlled lighting conditions and photographed with a DSLR
camera. We used the CIELAB [8] color space to measure the colors
of the samples.

To gauge the color difference our method can achieve, we use
ΔE as the metric. ΔE (Equation 4) represents the Euclidean distance
between two colors in CIELAB color space. A ΔE less than or equal
to 1.0 is considered to be a non-perceivable color difference for the
human eye [8].

The conversion to CIELAB and the calculation of the ΔE were
done in an interactive Matlab script that we developed. Since our
samples have two sampling regions and two reference regions
within a single print, we calculate ΔE with respect to each refer-
ence, then report the global average (Figure 11b). Because the color
difference values are all measured relative to the reference zones,
possible variations in lighting conditions are eliminated.

Δ𝐸12 =
√︁
(𝐿1 − 𝐿2)2 + (𝑎1 − 𝑎2)2 + (𝑏1 − 𝑏2)2 (4)

Figure 11: (A) Experimental set-up for our approach consists
of a DSLR camera at a fixed distance and angle from the sam-
ple. (B) The sample consists of two main regions: reference
regions and sampling regions which are ironed.

Woodfill Filament:We prepared 13 samples with fixed printing
nozzle parameters (200◦C printing temperature, 0.15 mm layer
height, 0.4mm line width, no infill, wall-count 2). The ironing tem-
perature was 340 ◦C, and the ironing speed was varied from 1mm/s
to 13 mm/s for the sampling regions. All reference regions had an
ironing speed of 40 mm/s.

The results of the printed samples are illustrated in Figure 12.
As shown in Figure 13, as the ironing speed increases, the ΔE

value decreases exponentially until it plateaus. The maximum ΔE
was measured in the 1mm/s sample with a value of 63.8 ± 5.06.

Foaming filament: We printed 14 samples of foaming (LW-PLA)
filament with printing parameters (200◦C printing temperature,
0.15 mm layer height, 0.4mm line width, no infill, wall-count 2) and
an ironing temperature of 300◦C. This ironing nozzle temperature
(40◦C lower compared to Woodfill and Corkfill) is to eliminate over-
heating of the filament through ironing. Unlike prints made with
Woodfill and Corkfill materials, ironing foaming filament results in
lighter regions compared to the printed reference areas (Figure 14b).
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Figure 12: Contrast in Woodfill filament prints as ironing
speed varies from 1 mm/s to 13 mm/s.

Because of the glossiness of the non-foamed material, the view-
ing angle and lighting direction affect the perceived color difference
within the prints. For instance, in Figure 14a, the test pattern is
clearly distinguishable at no tilt. However, when the same sample
is tilted forward, it appears darker, and when tilted backward, it
appears lighter. Within our evaluation, we selected the orienta-
tion that yielded a stable color difference with minimal reflections,
which is a vertical orientation with no tilt.

Finally, the range of speeds tested was from 1mm/s to 30 mm/s
for the sampling regions, and 40 mm/s for the reference regions.
The printed results are illustrated in Figure 16, where we generally
observe an exponential decay of contrast values as a function of
ironing speed. The maximum ΔE attained at this orientation under
non-directional lighting is 28.66 ± 3.91 at 1mm/s ironing speed. The
outliers between 4mm/s and 9mm/s can be attributed to the sample’s
changed glossiness at both ironed and reference regions, resulting
in higher contrast or ΔE values, as can be seen in Figure 14b.

Corkfill filament: 14 samples of Corkfill prints were preparedwith
printing parameters (200◦C printing temperature, 0.15 mm layer
height, 0.4mm line width, no infill, wall-count 2) and an ironing
temperature of 340 ◦C. The range of speeds tested was from 1mm/s
to 30 mm/s for the sampling regions and 40 mm/s for the reference
regions. Figure 15 shows the print result.

Similar to the measurements of the Woodfill and foaming fila-
ments, the ΔE values for Corkfill decrease exponentially with an
increasing ironing speed (Figure 13). The maximum ΔE value for
Corkfill was found to be 55.33 ± 6.81, obtained by ironing at 1mm/s.

Measured Characteristic of ΔE: To get a characteristic descrip-
tion of the measurements in an equation, we first normalize the
measured ΔE. We can describe the relationship between the mea-
sured ΔE and ironing speed in mm/s with the exponential equation:

Δ𝐸 = 𝑎𝑒𝑏𝑣 + 𝑐𝑒𝑑𝑣 (5)
where v is the velocity in mm/s. For normalized ΔE, the constant

values we found for the three filaments are given in Table 2. All
the values are within a 95% confidence bound, while in the case of
foaming filament, this confidence bound excludes the outliers at
ironing speeds of 4,6,7,8 and 9 mm/s.

Figure 13: Exponential fit for color difference data values
for ironed regions of Woodfill (A), Corkfill (B), and LW-PLA
Filament (C) relative to reference regions as functions of
ironing speed.

Validation of the theoretical model: The experimental results
correspond to the general trend we expect from our theoretical
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Figure 14: (A) Change in part glossiness and clarity is based on
tilt angle. Tilting forward universally makes the test pattern
darker, and tilting backward makes it glossier. (B) shows the
contrast in foaming filament prints as ironing speed varies
from 1 mm/s to 30 mm/s

Figure 15: Contrast in Corkfill filament prints as ironing
speed varies from 1 mm/s to 30 mm/s.

Table 2: The constant values in the normalized ΔE equation
(Eq. 5) for different filaments.

a b c d
Woodfill 2.283 -1.115 0.318 -0.239
Corkfill 0.191 -0.076 1.347 -0.482
LW-PLA 0.144 -0.086 1.828 -0.734

model, which is an exponentially decaying graph as a function of
increasing ironing speed.

By normalizing the data from the theoretical model between
1 and 0, we are able to compare the characteristic relationship
between ironing velocity andmeasured ΔE and the modeled ironing
velocity as a function of temperature at z= 0.15mm (layer height).

Figure 16b shows this result for Corkfill filament. The theoretical
model fits the experimental data well with a maximum normalized
error of 0.0672 (i.e., 6.72% of the max value) and an average error
of 0.0168 (i.e., 1.68% of the max value). We also generally conclude
from the closeness of fit between the experimental and theoretical
models how the relationship between the normalized temperature
values and normalized ΔE values is linear.

Using the same method for the Woodfill printed samples, we find
that the experimental model fits the theoretical model generally
but with a larger error margin in comparison to the Corkfill model

(max error of 0.16 or 16%, and average error of 0.06 or 6%). This
is also true for the foaming LW-PLA filament with a max error
of 0.1329 or 13.29%, and a mean error of 0.035 or 3.5%) excluding
outliers.

Figure 16: Comparison between theoretical and experimental
model fits to contrast data values for Woodfill (A), Corkfill
(B), and LW-PLA (C).
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Figure 17: A) Patterns for testing resolution and detail capa-
bilities. B) Test pattern printed with Woodfill. C) Corkfill. D)
Black LW-PLA. E) Translucent "natural" LW-PLA.

6.2 Detail Reproduction
To evaluate the capability of our method to reproduce a variety
of visual features and texture designs, we prepared samples that
test rapid variations in color shade, thin features, and gradient
transitions of color. All tests were carried out for LW-PLA, Woodfill,
and Corkfill filaments.

Detail and gradient testing: A 60mm x 60mm x 60mm cube was
designed, and a test image was applied to each of the four vertical
faces. The test images are illustrated in Figure 17a. The first test
image is a QR code, which tests a practical application of rapid
spatial transitions with significant color differences. The second
image aims to evaluate the ability to produce smooth gradients. The
third tests thin light lines on a dark background and dark lines on a
light background at different angles. Finally, the last image evaluates
rapid transitions between minimum and maximum reheating.

All samples were printed successfully with Woodfill, Corkfill,
black LW-PLA, and natural LW-PLA; see Figure 17b, c, d, e. The
prints allowed a closer inspection of the performance of our method

Figure 18: Test samples for text legibility at different font
sizes. A) test image. B) Corkfill sample. C) Woodfill sample.
D) LW-PLA sample.

with the test images. For all materials, the QR codes were of suf-
ficient quality and contrast to be directly readable by a regular
smartphone camera. Also, the circular gradient came out with an
even and smooth transition with all materials. The main edge case
is the test of thin lines printed with Woodfill. For these specific
features, it might be necessary to reconsider the ironing parame-
ters (i.e. nozzle temperature and speed). However, for Corkfill and
LW-PLA, the lines were produced well and showed clear sharp
transitions irrespective of line orientation.

Text legibility: To evaluate at which sizes legible text can be re-
produced, samples of 50mm x 100mm were created, to which an
image with text was applied. The text size varied from 40pt down to
5pt; see Figure 18a. The resulting samples are shown in Figure 18b,
c, and d. We found that our method can reproduce the larger font
sizes on all three materials. For LW-PLA, the smallest readable font
size was 9pt, while for Woodfill and Corkfill, the smallest readable
font size was 14pt.

Photographs: Evaluating the capability of our method to repro-
duce photographic images, a 60mm x 60mm x 60mm sample was
prepared, to which 4 portrait photographs were applied. The tests
show that our method is able to reproduce the photographs with
fine details and sufficient color contrast using Corkfill (Figure 19a)
and Woodfill (Figure 19b). For the performance of our method with
LW-PLA, see the photographic texture in Figure 1 and Figure 4.

7 DISCUSSION
Applicability: The printed results indicate that our proposed method
can fabricate 3D prints with textures that have a high spatial reso-
lution and smooth color gradients that are generally unavailable
to FDM 3D printing. This allows a wide variety of visible features
to be added to 3D printed parts, expanding the current capabilities
and applicability of FDM printing.

Our method does not require any 3D printing hardware modi-
fications. Also, we show that our method can be applied to parts
that were sliced with machine-specific and user-defined settings
without changing them. As a result, all printing features (e.g. infills,
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Figure 19: Test samples evaluating the capability to reproduce
photographs with different color shades and fine details. A)
Corkfill prints. B) Woodfill prints.

support structures) can remain unaltered. This means that integra-
tion into existing slicers would not require significant changes in
the core algorithms or printing strategy.

Printing time and material use: Compared to other common ap-
proaches for multi-color FDM prints, our method can lead to shorter
print times and less material use. As an indicator of printing time,
the cup with the Einstein image (Figure 4) took 2h 30m, while the
original (uncolored) cup takes 1h 30m to complete. Comparing this
to multi-material printing on the same machine, a two-color print
of the cup with a similar image results in a printing time of 3h 50m.
A Bambu Lab X1-Carbon (4-material printer) yields a printing time
of 14h 30m for the cup and uses more than 10 times the volume of
material due to frequent material switching and consequent purg-
ing. An approach that uses nozzle temperature variation for color
change [16] documents up to a 10-fold increase in printing time
and double the material use compared an uncolored model.

Energy consumption: Printing the reference cup with our method
required 0.29kWh, while the dual-material print used 0.42kWh.
The same cup as a regular single material (uncolored) print uses
0.13kWh.While our method uses more energy compared to printing
without applying color, for a reference print (Figure 4) it uses less
energy than common dual-material printing on the same machine.
Furthermore, the existing methods have difficulty achieving the
resolution and gradients of our method because their texture details
rely on the extrusion of the material itself.

8 LIMITATIONS AND FUTURE WORK
In this section, we discuss the limitations of our approach and
avenues for future work.

Specific printer used: Our research primarily utilizedUltimaker print-
ers (models 3, S3, S5, and S7 ) to explore the responsiveness of three
distinct filament types to varied reheating through ironing. During
this exploration, we also focused on the processing of gcode tai-
lored for Ultimaker’s Cura slicer. The adaptation of our technique
for other FDM printers requires an understanding of each printer’s
operation and specific gcode formatting, particularly in determin-
ing layer heights and extracting contours for ironing. However,
the fundamental principles of Speed-Modulated Ironing hold across

different hardware, which would facilitate the method’s broader
applicability with appropriate adjustments for individual printers.
Future work will also explore the integration of our approach into
existing slicers (i.e., rather than using a separate processing tool),
and a detailed examination of other printer-specific parameters,
such as acceleration, to further optimize print time and resolution.

Extending the design space: While our current work has focused
on the visual and tactile enhancements possible through Speed-
Modulated Ironing, we envision its utility in programming not just
surface-level properties but also in manipulating mechanical, acous-
tic, and even shape-morphing characteristics inherent to the ma-
terial itself. The exploration of foaming filaments illustrates this
potential, where localized control over mechanical properties [1]
could also impact the way how objects are designed and utilized.

The current version of our design tool processes only the outer
surface of the object.We plan to implement the possibility of ironing
the whole layer (including the inner regions and top/bottom layers)
in the future version. Furthermore, by experimenting with a diverse
range of materials, we hope to further expand the design space. As
an indication, in Figure 10, we showed that our method can also
be applied to vary the visual and tactile properties a regular PLA
filament. This example hints at the potential of Speed-Modulated
Ironing for future applications.

9 CONCLUSION
In this work, we introduced Speed-Modulated Ironing, a novelmethod
that expands the capabilities of single-material 3D printing by en-
abling high-resolution control over visual shade and tactile texture
gradients. Using one nozzle to 3D print and the second nozzle to re-
heat printed areas at varying speeds, we achieve intricate activation
of temperature-responsive filaments, such as Woodfill, Corkfill, and
foaming filaments, in a single fabrication process. Using our soft-
ware tool, users can achieve high-resolution fabrication of objects
with graded shades, textures, and translucency, without necessitat-
ing multiple materials or complex hardware modifications.

We demonstrated the capability of our approach to create ob-
jects with fine textures and graphics using a single material, the
resolution of which we analyzed in our technical evaluation. For
future work, we will further adapt our workflow to program the
properties of the printed object not just on the outer surface but
on the interior as well. Applying this to the interior is especially
relevant when locally modifying mechanical properties. We hope
that our work represents a step toward a more versatile, expres-
sive, and sustainable form of 3D printing and will enable further
explorations in temperature-responsive materials.
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