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Figure 1: Reforming a solid ghost model through All-in-One Print: (a) importing a rigid ghost model and customizing deforma-
tion components integrated inside its body; (b) printing the ghost with Arch-printing and Support-bridges. (c)The fnal print 
has multiple primitives with a body that can be stretched to 2.5 times its length and two rotatable arms. 

ABSTRACT 
The feld of Human-Computer-Interaction (HCI) has been consis-
tently utilizing kinematic mechanisms to create tangible dynamic 
interfaces and objects. However, the design and fabrication of these 
mechanisms are challenging due to complex spatial structures, step-
by-step assembly processes, and unstable joint connections result-
ing from the inevitable matching errors within separated parts. 
In this paper, we propose an integrated fabrication method for 
one-step FDM 3D printing (FDM3DP) kinematic mechanisms to 
create dynamic objects without additional post-processing. We de-
scribe the Arch-printing and Support-bridges method, which we 
call All-in-One Print, that compiles given arbitrary solid 3D models 
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into printable kinematic models as G-Code for FDM3DP. To ex-
pand the design space, we investigate a series of motion structures 
(e.g., rotate, slide, and screw) with multi-stabilities and develop 
a design tool to help users quickly design such dynamic objects. 
We also demonstrate various application cases, including physical 
interfaces, toys with interactive aesthetics and daily items with 
internalized functions. 

CCS CONCEPTS 
• Human-centered computing → Human computer interaction 
(HCI); Interaction devices. 
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Figure 2: (a) The virtual model of a ghost with mechanical 
components inside; (b,c) Eighteen separated components that 
require assembling with the conventional method; (d) The 
same ghost printed entirely with All-in-One Print method. 

1 INTRODUCTION 
From creating input devices [15, 18] to presenting tangible infor-
mation [19, 20], from interactive toys [24] to shape-changing in-
stallations [13], the feld of HCI has been consistently utilizing 
kinematic mechanisms [46] to create tangible dynamic interfaces 
and objects. However, for FDM3DP, the design and fabrication of 
these mechanisms can be challenging due to their complex three-
dimensional structures and step-by-step assembly processes. In 
detail, the manufacturing of parts increases the production time, as 
well as the difculty of assembly of kinematic mechanisms resulting 
from inevitable matching errors within separated parts (Figure 2b, 
c). 

To response, integrated fabrication has been introduced to the 
HCI community to fabricate complex mechanical structures by min-
imizing post-processing and optimizing fabrication iteration. For 
example, LaserOrigami [49] provides a technique to laser cut fat 
sheets into 3D structures without assembly; some studies utilize ad-
ditive manufacturing technology to 3D print classical mechanisms 
without post-processing eforts, i.e., spring [9, 39, 54], linkages 
[12, 14, 36], popup hinges [22], self-locking [4, 34], telescoping [41] 
and joints [3, 45]. However, most of them require advanced printers 
(SLA, SLS) and strict forward design workfow, which limit their 
accessibilities and possibilities for inverse-engineering objects in 
HCI. 

Recent developments based on consumer FDM 3D printers, i.e., 
G-code controlled bridging printing techniques [11, 43, 44, 47, 52], 
allow makers, designers, and HCI researchers to produce integrated 
structures with multiple mechanisms for customization and proto-
typing. However, the adhesion issues we identifed often afect the 
reliability and usability of these structures due to (1) improper scales 
of gaps reserved between components, resulting in mismatches 
with printer accuracy; (2) overhang polymers sinking and fusing 

with layers beneath (Figure 3a4, c); and (3) unremovable supports 
preventing fexibility (Figure 5b3). 

To address these challenges, we have developed an optimized 
Arch-printing (Section 3.1) and Support-bridges (Section 3.2) method 
that enables one-step FDM 3D printing without additional post-
processing, as seen in Figure 2d. This folded structure signifcantly 
reduces printing time and extra manual efort. 

To better introduce the kinematic mechanisms to the HCI com-
munity and enable its design space for HCI users, we have inte-
grated a series of motion structures (e.g., rotate, slide, and screw) 
with diverse stabilities into an inverse design process. We hope that 
this will expand access and enable the exploration of what more 
the objects with kinematic mechanisms can be. 

In summary, our primary contributions include the following: 

• Methods and principles including Arch-printing and Support-
bridges for FDM3DP folded objects with kinematic mecha-
nisms including rotating, sliding, and screwing. 

• A pipeline to support diferent users with an accessible de-
sign process and automatic G-code generation by minimizing 
post-processing and improving the robustness of joints. 

• Application examples to demonstrate the accessibility of 
All-in-One Print for customized objects. 

2 RELATED WORK 

2.1 Digital Fabrication and Interactive Design of 
Flexible Structures 

The use of digital fabrication technology, such as 3D printing and 
laser cutting, to create shape-changing fexible interfaces, daily 
objects, and artifacts are of increasing interest in the HCI commu-
nity. Some of the research projects utilize the properties of ma-
terials to 3D print objects whose shapes can vary with tempera-
tures [31, 39, 40, 55] or electric[56]. Some explore metamaterials 
[2, 7, 30, 37, 53] to control the elasticity of 3D-printed objects as a 
whole, and other work proposes diferent mechanisms to make 3D-
printed or laser-cut objects fexible and easy to deform. These mech-
anisms include 3D printed joints [3, 45], linkages [10, 12, 14, 36], 
hinges [22], truss structures [8, 13, 32], grid structures [26], and 
compliant mechanisms [9, 16, 54]. 

In general, fabricating fexible structures requires advanced fabri-
cation devices [3] or involves design processes that are too complex 
and challenging for novice users [32]. Researchers have developed 
interactive design tools to help novices fabricate fexible structures 
using certain mechanisms: Ondulé [9] and Kinergy [54] allow begin-
ners to create helical springs within 3D models for kinetic motions 
and energy, which are printable with FDM printers. Mechanism 
Perfboard [10] combines an augmented reality system to help users 
design and fabricate linkage mechanisms. We have developed a de-
sign tool to help users quickly create a G-code fle of folded models, 
which is auto-generated from imported 3D models, and ready to be 
3D printed. 

2.2 Integrated Fabrication of Functional Objects 
Manual assembly is often required after all the parts are 3D printed 
or laser cut to fabricate functional objects consisting of multiple 
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units or various components. This process typically requires knowl-
edge of mechanisms and can be time-consuming. Also, the precision 
of the assembly is often compromised. Previous research has demon-
strated methods to assist structural design and assembly. For laser 
cut structures and models, assembler3 [28], autoAssembler [29], 
FoolProofJoint [23], and Roadkill [1] explore the interfaces and 
algorithms to provide guides for assembling laser cut plates into 
3D models. 

Researchers have also proposed more integrated frmware and 
fabrication pipelines to simplify manufacturing, including assem-
bling 3D-printed objects. LaserFactory [21] presents an assembly-
free workfow that uses a laser cutter as a multifunctional platform 
for making functional devices. Integrated fabrication improves the 
overall process of making practical objects and lowers the threshold 
of novice users. Our work integrates complicated kinematic mech-
anisms into one-step FDM 3D printing without requiring manual 
post-processing. 

2.3 Advanced 3D Printing Methods with FDM 
Printers 

Recently, researchers in the feld of HCI have manipulated various 
3D printing parameters (e.g., printing speed, fan speed, and nozzle 
temperature) to achieve diferent printing results and applications. 
These parameters are typically adjustable in the slicer software and 
are written into G-code fles generated by the software. Many works 
have demonstrated how to control these parameters for printing 
optimization [11, 38] or to print out unique 3D structures [25], even 
soft fabrics [6]. Jiang et al. propose a support generation method 
to reduce support material and enable long bridge printing [11]. 
Pieri et al. have evaluated the efect of temperature, extrusion rate 

multiplier, and fber orientation on shape-memory polymers’ fx-
ing and recovery ratios [25]. Mitropoulou et al. present a design 
method for 3D printing complex shell surfaces, which are non-
planar layered [17]. 3D Printed Fabric [33] explores the fabrication 
of fexible woven textiles by controlling the movement of the print 
header. In contrast, DefeXtiles [6] 3D prints soft textiles through a 
study of printing parameters, and Extruder-Turtle [5] showcases 
an open-source library that can generate G-code fles for 3D print-
ing textiles, textured surfaces, and string-art sculptures. Desktop 
Electrospinning [27] develops a 3D printer to create fbers using 
melt electrospinning technology. 

In addition to 3D printing simple bridge structures or textiles, 
more design space and potential applications can be achieved by 
controlling parameters. This paper presents a novel approach to 
bridge printing to create support within multi-component 3D mod-
els. 

3 ALL-IN-ONE PRINT METHOD 

3.1 Arch-printing 
In conventional FDM printing, the layer-by-layer printing process 
requires a solid fat platform and necessary support structures. 
However, there is some tolerance due to the inherent toughness 
of the material and the cooling process after extrusion, allowing 
unsupported horizontal flaments to resist gravity within a short 
distance. This material property allows for bridging-based printing 
[43], which reinforces overhang structures and increases the limit 
of the horizontal span of the overhang. 

However, the overhang is strictly limited in printing distance. For 
example, as shown in Figure 3a, using the standard printing method 
to print a 50mm-long bridge will result in 1.7mm of underside 
sinking, causing the mechanism to be unfunctional (Figure 3a3, a4). 

Figure 3: (a) Conventional 3D printed bridges of 50mm long and stuck result;(b) Arch-based 3D printing concept and slidable 
prints; (c, d) Compare two prints with a standard slicer and our method. 




 �


 �

CHI ’23, April 23–28, 2023, Hamburg, Germany Jiaji Li et al. 

As a result, printing components with slide motion in the assembled 
state is at risk of compromised features. 

Thanks to the G-code manipulation, we can perform Arch-
printing, which relies on z-axis translation within a model slicing 
plane. The vertically undulating printing path allows the flament to 
cool and solidify in the sinking process, correcting the bias caused 
by gravity. To prevent hanging-down polymers, the frst layer of 
arch printing is designed to be slightly arched even after solidifca-
tion. A linear regression algorithm (Section 3.1.1) is used to gently 
iron out the arched layers in the 2-5 layers that follow, making 
them horizontal. To showcase our contribution, Figure 3d shows 
an 80 mm long Arch-printing result compared to the conventional 
bridging method (Figure 3c). 

3.1.1 Arch Fiting Algorithm. Strategy for Arch-printing: In printing 
bridges, our method manipulates the printer to move upwards at the 
beginning and then downwards to the original altitude at the end, 
following a predetermined movement profle. This compensates for 
the sinking efect of the printed material. If the printing speed is 
slower than 30mm/s, the printed part can quickly solidify and self-
support against gravity. Additionally, we use G-code commands 
to pause the printing for several seconds after the bridge layer is 
printed, ensuring that the base layer of the arch is solid. 

Figure 4: (a) The coordinate system to represent the arch 
curve by functions;(b) A basic model of the arch bridge with 
parameters; (c) Final preview of printing path with high arch-
rise (green) to fat (orange). 

To make a more defned expression, we build a basic model to 
describe our method. As shown in Figure 4a, a single bridge consists 
of two fat parts: the support pillars and the curved arch. The length 
of the arch along the X-axis is referred to as the span, and the height 
along the Z-axis is referred to as the rise (Figure 4b). By setting up 
a coordinate system in Figure 4a, we represent the arch curve using 
a set of convex functions. For example, using a sine function, we 
can calculate the height of the printer based on the distance it has 

covered on the X-axis:� 
0, � �� �� � �� + � 

� (�) = � � (1)
� sin � � − �� , �� ≤ � ≤ �� + � � 

Where � is the rise, � is the span, and �� is the width of the pillars. 
Besides, we also apply some monotonic functions like ���������� 

� and mirror them to get the entire arch curve with � = �� + 2 as the 
axis of symmetry:  0, � �� �� � �� + �  � � 

� � (�) = � 4 tan−1 2 � − �� , �� ≤ � ≤ �� + (2)� � � � 2� 4 tan−1 2 �� + � − � , �� + � ≤ � ≤ �� + �  � � 2 

To generate the frst layer of the bridges, we use the equations 
above. To create a smooth transition from the frst arch layer to the 
frst fat layer, we decrease the curvature layer by layer. In detail, we 
sample � points on the frst arch layer and the frst fat layer with 
the same X-coordinate. Next, we connect the corresponding points 
of the two curves and obtain � lines. Then, we divide each line 
into � segments with � − 1 dividing points ��1, ��2, . . . , ���−1, � = 
1, 2, . . . ,�.Finally, we interpolate the ��ℎ points of � lines into � − 
1 new curves: � � 
����� ( �) ← ����������� �1� , �2� , . . . , ��� , � = 1, 2, . . . , � − 1 

All the curves constitute the intact arch bridges with the curva-
tures decreasing from the bottom to the top (Figure 4c). 

3.1.2 Printing test with multiple parameters. To better under-
stand the efect of diferent printing parameters on the fnal result, 
we conducted a series of printing tests to determine the optimal 
parameters for Arch-printing. All tests were performed by printing 
a sample sheet with PLA at a temperature of 210°C and a layer 
height of 0.20 mm. The results showed that the arch function, arch 
rise, and the number of arch layers had the most signifcant impact 
on the fnal print quality. By carefully selecting these parameters, 
we were able to achieve smooth, horizontal bridges with minimal 
sinking. 

Arch Functions: We tested various arch functions, including 
sine, parabolic, logarithm, arctangent, and hook functions. Among 
these, the arctangent function is most efective due to its relatively 
smooth and steady curvature with 3-5 points interpolated on the 
arch curves. In contrast, the asymmetry and diferent curvatures of 
other functions cause sinking in the rising and descending stage. 
This led to fexible and bending strands in the rising stage, joined 
by fast and strong downward pressure in the descending stages. 
Additionally, the results of the symmetric functions showed very 
little diference. 

Arch Layers: The number of arch layers can slightly infuence 
the results. When fewer than four layers exist, the curvature be-
tween layers can vary signifcantly, reducing the adhesion and 
support force between adjacent strands. On the other hand, having 
more than eight layers can cause the printer to move the top of the 
arch back and forth, which can help the strands sink. Based on our 
testing, we have found that 4-6 layers of arch typically perform as 
expected. In most cases, we use fve layers as a standard. 

Arch Rise: Arch rise is a critical parameter for arch printing. 
A short arch rise may not provide enough resistance to gravity, 
while a tall arch rise can stretch the strand, making it too soft to 
maintain its shape. We tested four groups of samples with spans 
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Table 1: Results of arch printing with diferent parameters. 

ranging from 2 cm to 8 cm, and for each group, we printed multiple 
samples with arch rises ranging from 0.2 mm to 2.0 mm. The results 
generally met our expectations, showing that the appropriate arch 
rise falls within a specifc range and increases as the span length 
increases. To make the expression of arch rise more consistent, we 
defned a standard arch rise of 1.0 for each span length. For example, 
our tests showed that an arch rise of 0.8-1.0 mm worked best for a 4 
cm span bridge. Therefore, we set 0.8mm as the standard arch rise 
of 1.0 for a 4cm span bridge. Table 1 shows part of our results. An 
arch rise of 0.75-1.0 can cause the bridge to sink slightly, providing 
a larger fraction of the gap, while an arch rise of 1.0-1.5 can cause 
the bridge to arch upward, providing more space in the gap. In 
practice, we typically select an arch rise of 1.0-1.2. 

3.2 Support-bridges for replacement of support 
In a conventional layer-by-layer printing strategy, separate compo-
nents not attached to the platform require extensive support from 

the bed to its bottom. These supports can be crucial for fexibility in 
integrated printing, as they cannot be removed in enclosed spaces. 
Bridging or arch-printed flaments can be used as an alternative 
to support in such situations. In particular, by attaching several 
bridging-printed flaments to walls (Figure 5 c2), the frst layer 
of grey parts can be bridging-printed again above them. A single 
strand of Support-bridge can be easily pulled of (with a force of less 
than 0.4 N), while a 2 mm×2 mm interlocking structure (consist-
ing of the void of the structure highlighted in blue and the joint 
highlighted in red, in Figure 5) support more than 5 kg weight. 
Additionally, the compliance of bridging flaments minimizes their 
impact on subsequent motions. Arch-printing (Section 3.1) can be 
used in large-scale objects with longer bridges in conjunction with 
these support-replacement flaments to produce high-quality prints. 

3.2.1 Load calculation for generation of Support-bridges. For 
Support-bridges, we have defned the following fve principles to 

Figure 5: (a) A tiny sample of inter-locked slide motion ready for printing; (b) Conventional method with support barely 
removable; (c) Support-bridges method result which can be easily pulled of with motions. 
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create a more compatible strategy that aligns with G-code logic and 
user experience: 

• P1. Layer-by-layer printing sequence without confict with 
the existing G-code of other objects. 

• P2. Generated with walls on both sides as pillars. 
• P3. Sufcient toughness to support the load of objects be-
tween the bridges. 

• P4. Non-linear arrangement to avoid shaking of objects dur-
ing the printing process (Figure 6c). 

• P5. Minimized the number of bridges for easy removal by 
manual pulling-of. 

P1 allows for compatibility with conventional printers, while P2 
and P3 ensure the generated bridges and objects are printable. P4 
meets users’ requirements for high-quality fabrication with minimal 
manual intervention (P5). 

Figure 6: (a)Dispatched components for analysis; (b) red-
marked parts for special printing strategy; (c) the Support-
bridges added model ready for printing. 

In specifc, take the prototype in Figure 5a as an example. The 
algorithm to automatically generate Support-bridges is as follows: 
Firstly, we split the disjoint mesh to analyze a single component 
(Figure 6a). Then, with all the separated faces, we calculate the 
angle of their normal vectors downwards: the closer to the vertical, 
the more difcult it is to print. In general, they are marked as red 
(hard to print) to green (well-printable) in Figure 6b. As such, If 
the red part is connected to the completely green part at both ends 
(Figure 6b top), it is ideal to be printed by bridging or arch printing 
(Section 3.1). Otherwise, the part of the load must be supported by 
Support-bridges. With the initial setting, two bridges are added to 
both sides of the red area to help the bottom layer be well-printed. 
After that, the rest of the bridges are generated due to the load and 
size of the rest parts. 

The calculation of load is as follows: Starting from the red section. 
The algorithm slices the component upward horizontally. For every 
2cm, the Support-bridges will be added through centroids of sliced 
geometries, which consist of non-linear stabilization to prevent 
objects from shaking during the printing process. In this procedure, 
if one layer is connected with another vertical green surface, the 
rest of the load is assumed to be aforded by that. Otherwise, the 
whole will be sliced and calculated. The sum of all layers is the 
required load, which Support-bridges need to aford. According to 
the fabrication experience, each flament bridge can sustain a weight 
of 6g, and the fnal amount is calculated accordingly. Subtracting 
the amount for initialization and the amount to prevent shaking, 
the rest are added at the bottom to ensure the object is printable. 

Table 2: Tensile strength scenarios and results. 

3.2.2 Tensile Strength. To verify the strength of the Support-bridges 
with our printing method, we tested their break load using a stan-
dard print sample. The sample is similar to the structure shown 
in Figure 6, consisting of the base and the overhang. These parts 
are connected by diferent numbers of aligned and evenly spread 
bridges. The testing equipment contains a force meter fxed on a 
vertical test stand. The base of the sample is clamped onto the bot-
tom of the stand, while the top overhanging structure is attached 
to the force meter using a hook. Then, the force meter is cranked 
up until the Support-bridges break entirely, and the peak force is 
recorded. 

4 EXAMPLE MECHANICAL MOTIONS 
In this section, we fnished multiple mechanical examples to intro-
duce the design space of All-in-One Print. One-degree-of-freedom 
motions (Section 4.1) are primary features included in our design 
tool. In contrast, haptic stabilities (Section 4.2) and other extended 
structures with multi-directional deformation (Section 4.3-4.5) are 
specifcally designed and generated. We demonstrate the extensi-
bility of All-in-One Print in this section with a range of simple to 
complicated structures. 

4.1 Fundamental motion primitives 
The primary purpose of All-in-One Print is to print objects with 
integrated motion. In this section, we leverage three classic motion 
primitives. Each is a kinematic pair consisting of two components 
(red and white), all single-degree-of-freedom kinematic pairs. Their 
initial printed states are all 30 mm×30 mm×30 mm cubes to compare 
their motion capabilities easily. 

4.1.1 Rotate. As shown in Figure 7a, the rotational motion is 
demonstrated using a revolute joint. In conventional 3D printing, 
each printed layer remains fat in solid objects. However, using our 
method, arch-printed bridges can be printed as a 30 mm-long cylin-
der that crosses the whole cube. In the printed cube, two parts are 
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Figure 7: All-in-One Print primitives with (a) arch printed shaft through the whole cube;(b) arch printed slider for well-reserved 
gap; (c) arch printed bar connecting four parts. 

Figure 8: Multi-stable design for the motion of (a)slide and (b)rotate. 

separated but locked together and cannot be pulled apart without 
breaking. 

4.1.2 Slide. The prismatic joint is the most classic one-degree-of-
freedom pair, which constrains the motion of two bodies to slide 
along a common axis (Figure 7b). As introduced in Section 3.1, arch 
printing creates horizontal and neat gaps in Figure 7b, which enable 
smooth sliding motion. In the frst state, the joint can be stretched 
to 1.8 times the length of the cube sides. It also works as a compress 
primitive in the third state. Additionally, double tracks are designed 
for parallel movement. 

4.1.3 Screw. Compared to planar slicing, a spirally divided cube is 
designed with spiral interlocking connections between the red and 
white parts (Figure 7c). The screw joint is a combination of both 
rising and rotating simultaneously, and it can convert the direction 
of input motion. As the red part rotates, the spiral surface between 
the two parts changes the torsional force into frictional force and 
upward thrust, pushing the white and red parts apart. 

4.2 Multi-stability 
The joints in Section 4.1 are designed without considering friction 
due to the gaps reserved between components to prevent fusing. 
However, using Arch-printing also enables All-in-One Print of multi-
stable structures. In this section, we leverage the multi-stability of 

rotating and sliding motions and integrate them into the parametric 
design system. 

To enable multi-stable rotational movement, we redesign the 
contact surface of the shaft-hole to be a polygon column (Figure 
8a). The number of sides of the polygon determines the number of 
stable states. By tuning the arch rise standard value to -0.25 (Table 
1), we can achieve inverted arches for multi-stability control on top 
of 60°and 120° polygons. 

In the sliding joint, conventional bulges are used to control mo-
tion (Figure 8b), but they are prone to wear and tear after only a 
few uses. In our design, when the gray shaft is above the bulges, 
they are depressed. As the shaft passes over the bulges, they spring 
back and hold the shaft in place, providing stability and increasing 
the lifetime of the joint. 

4.3 Expandability 
One signifcant challenge for printing large-size objects is the lim-
ited size of the printer platform. All-in-One Print overcomes this 
challenge by integrating multiple primitives into a single object. For 
example, in Figure 9, a rectangle is printed with a double track in-
tegrated inside, which expands the capabilities of the fundamental 
slide primitive. This stretchable structure is also used in the design 
for the vertical stretch of the ghost in Figure 1. 

However, planar motions do not fully utilize the three-
dimensional fabrication of FDM printers. Using rotatable joints 
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Figure 9: An expanded sample stretchable to 2.5 times of its 
initial length. 

Figure 10: A 7×5×2.6 cm rectangle printed of hand-size (a), 
which can be rotated to human arm span (b) and stretched 
to the length of a human height(c). 

to connect every two parts, a 7x5x2.6 cm rectangle is designed and 
printed in its entirety in Figure 10. The integrated components 
are supported by Support-bridges which can be easily removed by 
rotating and stretching. In its initial state, the structure is palm-size 
(7cm), but it can be opened up to arm-length (70 cm) and further 
stretched to human height (170 cm). Using approximate calcula-
tions, a printer with a 20 cm square printing platform can fabricate 
a chain-like structure that can reach three foors in height. 

4.4 Ball joints 
While none-assemble ball joints have been successfully fabricated 
using SLS printers by Calì et al. [45], desktop FDM printers still 
face limitations and challenges in fabricating such structures. Join-
ing the parts of ball joints together relies primarily on the plastic 
deformation of the material. Once the attachment is successfully 
made, the opening of the socket inevitably becomes more promi-
nent, undermining the secure connection. However, with the help 
of Support-bridges (Figure 11a, structures highlighted in blue), we 
can print several in-place ball joints within a single job, resulting 
in exceptional mobility compared to conventional methods to be 
customized to ft diferent needs. Figure 11 shows joints with diam-
eters of Ø 6mm on the wrist, Ø10 mm on the elbow, and Ø14 mm on 
the shoulder, all with varying numbers of Support-bridges, which 

Figure 11: (a) G-code displayed with blue Support-bridges on 
every ball joint; (b)Printed arm with close-up details on ball 
joints. 

can be easily removed by twisting and do not leave any uneven 
friction behind. 

5 SOFTWARE PIPELINE 
Overall, our system primarily contributes to the G-code generation 
of Arch-printing and Support-bridges, along with a simple design 
tool for the most basic motions. Section 5.1 introduces this design 
process from the perspective of diferent users. After that, Section 
5.2 details the analysis and G-code generation using our specifc 
method for print-at-one-go results. All the pipeline is built-up for 
the of-the-shelf FDM printer (Ultimaker S3) with Polymax PLA 
material of average elasticity and rigidity. 

5.1 Kinetic design 
To obtain a well-printable kinetically object for All-in-one printing, 
we have developed a software pipeline for users from novices to 
experts, from simple modifcations using a design tool (Section 
5.1.1) to more complex DIY design with guidance (Section 5.1.2). 

5.1.1 Modification design tool for solid models. For novice users 
who are not familiar with kinematic designing and virtual modeling, 
we have developed a parametric platform using Grasshopper [42]. 
Figure 13 shows the function and design tool for All-in-One Print. 
In the design system, we have simplifed the complicated dividing 
and interlock designing process using basic motions (section 4.1). 
Our design tool consists of three steps: model input, model dividing, 
and primitives customizing. 

Firstly, when a solid virtual 3D model is input (Figure 14a), the 
system simplifes the model into a quad mesh, with the density of 
the mesh suitable for remodeling using Boolean operations. Then, 
by using the sliding bars on both sides and adjusting the angle, 
the user could preview the reformed area on the main interface in 
real-time (Figure 14b). 

With the selection of primitives (Figure 14c), the part is divided 
into the default number of slices. The user can then customize 
the thickness of each slice using the Thickness slider (Figure 14d), 
which adjusts the number of slices and the gaps between them. 
Multiple slices help to stabilize the motion during manual deforma-
tion. The user can also control the range of motion using the Range 
slider (Figure 14e). Finally, the user can preview the fnished model 
and choose a state for printing (Figure 14f). After completing one 
workfow, the remaining part can be selected and reformed again 
for additional deformation. After fve cycles of reformation, the 
dinosaur is designed with a compressible neck and tail, together 
with four rotatable feet for integrated printing. 
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Figure 12: Pipeline for different users. 

Figure 13: All-in-One Print interface. 

Figure 14: All-in-One Print workflow of designing. 

5.1.2 DIY design for complicated and linked motions. For experts 
such as sophisticated makers or kinetic designers, the basic and 
separated motion modifcation tools may not fulfll their needs. Our 
pipeline also allows for further or full-course DIY designs for more 
complex and linked motions. To ensure that the designed compo-
nents are printable, we provide the following seven instructions for 
users during the DIY process: 

For components that do not attach to the platform: 
• I1: The majority of the component should be situated be-
tween the shell or other parts (Figure 15a);

• I2: More than half of their bottoms should be parallel to the
print platform, with the remaining parts at an angle greater
than 35 degrees (Figure 15b);

• I3: Wall thickness should be larger than 1.5mm (Figure 15c).
• For large-span suspension structures:
• I4: Ensure that the bottom of the structure is parallel to the
print bed (Figure 15d);

Figure 15: Instructions for DIY kinetic design. 

• I5: Avoid the inclusion of complex shapes such as corners in
suspension (Figure 15e);

• I6: Do not exceed the length of 10cm.

I1 ensures that the ends of the Support-bridges can be attached to
other parts; I2 can prevent instability during the printing process 
and prevent initial shape oscillation caused by non-planar starting 
layers, while small angles can cause flament sagging; I3 can afect 
the print quality, and thin components can hardly be printable on 
the Support-bridges. I4 and I5 meet the basic logic of bridge-linked
printing, allowing for the analysis of straight and long bridges by 
Arch-printing. Until now, we have not developed cross-layer bridge-
linked printing; I6 is the longest stable Arch-printing distance tested
by us, and the distance close to half the platform can meet most 
cases. 

5.2 Analysis and G-code generation 
Additionally, our system is capable of analyzing and generating 
Support-bridges and Arch-printing for input models. We clarify this
step with examples of the result of our design tool (Figure 16b) and 
also a switch model [48] (Figure 16a) downloaded from Thingivers 
[35] as an output of the DIY process.

The frst step is collision detection and elimination. Due to the
limited accuracy of the printer, we will ofset each individual part 
by 0.3 mm. If there are overlapping parts (Figure 16a2), we will 
perform a Boolean operation to remove parts prone to adhesion 
during printing. Afterward, for components that do not attach to 
the platform, we will analyze the orientation of all mesh faces (see 
Section 3.2.1 for rules) and generate Support-bridges with a unit
length extrusion amount of e=1.2 and a speed of 20 mm/s, along 
with the starting and ending positions. We record them in the 
format of G1 as {B}. Such parameters can ensure the toughness and 
support of Support-bridges.
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Figure 16: The process of G-code generation with Support-
bridges and Arch-printing. 

Figure 17: Integrated well-printed object after All-in-One 
Print. 

To avoid redundant options in our system and following bugs, 
we edit the G-code from users’ slicing software (Cura, S3d, etc.) with 
customized settings. For example, for Support-bridges {B}, according
to the z coordinates, our software will automatically weave them 
inside at the end of the corresponding layer. For Arch-printing, the
system will flter out G1 with a span greater than 25 mm and no 
printing beneath. It will then insert fve coordinates with higher z 
coordinates in the middle to approximate the arctangent function 
(Section 3.1.2) and adjust the extrusion amount to e=1.1 and the 
speed to 15 mm/s. 

At this point, all G-code adjustments can be well-printed to 
produce results containing Arch-printing and removable Support-
bridges. Figure 17 shows the printed result through the pipeline for
the print-at-one-go paradigm. 

6 APPLICATIONS 
The none-assembly production process signifcantly saves the man-
ual efort of the following applications. One single print job could 
even achieve multiple kinetic prints directly for usage. Their robust-
ness is also enhanced by the absence of gaps and connections in 
the shells, which are inevitable in the conventional print-assemble 
method. Thus, most manual deformations and even drops at human 
height can hardly cause any breakage. 

Figure 18: Puzzle with arch bridges printed for solving. 

6.1 Puzzles 
Puzzles are one of the most popular models in the maker community. 
However, the individual components of most puzzles need to be 
printed separately and then assembled. This process inevitably 
makes users aware of the internal structures, which spoils the 
enjoyment of solving and exploring the fnal puzzle. 

All-in-One Print ofers a unique experience by providing fully 
assembled components. In addition, the unknown internal content 
adds to the challenge and enjoyment of the puzzle. We have de-
signed a rotatable box with a complex internal void. To maintain 
the integrity of the void, Arch-printing is used for the cross (Figure
18a) and roof (Figure 18b) printing. The puzzle contains a three-
dimensional maze, which is hidden from the user. The objective is 
to orient the puzzle in a sequence of maneuvers so that the marble 
can travel between the entrance and exit. Without having access 
to its internal, users must rely on hearing and feeling the marble’s 
movement as it travels through the cavity. 

6.2 Animal toys 
In the hedgehog and jellyfsh designs (Figure 19), we used a design 
tool to achieve simple motions through design tools and then further 
linked them manually. In the design process, a modifcation design 
tool is used for the basic stretch motion of the jellyfsh body and 
rotate motion for the tentacles. After replacing the blue part with 
six tentacles, we set 0.7 mm for collision detection and elimination 
to have a loose and sagging property that allows the tentacles to 
swing with manual movement or even gentle wind. 

Figure 19: A jellyfsh with six tentacles, each consisting of 3 
joints. 

In the hedgehog design (Figure 20), the software generated the 
compressing structure of the hedgehog body and then manually 
modeled the rotating 22 spikes and designed the connecting parts 
to achieve the linkage of the mechanism. By using Support-bridges
to support each spine, we were able to ensure high-quality printing 
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Figure 21: (a) Exploded drawing of the lipstick with extra de-
sign on Screwing primitive; (b) A integrated printed lipstick 
added with DIY lipstick cream; (c-d) Usage Scenarios. 

and strengthen the connection between components. To mimic the 
behavior of a hedgehog when it is frightened, the slide motion of 
the body allows its head to retract with all spines standing up in a 
defensive stance. 

Figure 20: A printed hedgehog with 22 retractable spines, 
realized by rotational linkages. 

6.3 Daily-life objects 
In addition to single deformation behavior, integrated fabrication of 
multiple interactive deformations allows user input conversion into 
motion. For example, the design of conventional lipstick typically 
consists of various parts, including a container of cream, an outer 
tube, a liftable base, two inner bars, and exterior walls. We have 
combined all these structures into a single, integrated print (Figure 
21b). This device converts the user’s motions of rotating the body 
into lifting the cream container. With a printing layer height of 0.06 
mm and ironing, the lifting motion is smooth, and the fnal state is 
maintained even with 25 degrees of over-rotation. 

6.4 Number Pad and MIDI Keyboard 
We design and build a number pad using our method. We use 
the standard key layout, which includes 19 squared keys. Support-
bridges are implemented between key caps and keyframes to ofer
support and stabilization throughout the printing. The advantage 
of our integrated printing is that we can take full control of the 
internal design. Thus, we can modify the profle of the spring fns 
to adjust the tactile strength of the key, as shown in Figure 22a. To 
convert the external input to an electrical signal, we salvage the 

Figure 22: (a) Two movement of the character, with the help 
of key binding settings. Buttons modifed with elastic walls 
of diferent thicknesses and lengths for diferent haptic 
feedback; (b) An All-in-One number pad printed with less 
resilience; (c) A wide MIDI keyboard with remarkable 
re-silience.  

PCB and dome switches mesh from a discarded number pad and 
place it underneath the frame and the keys. 

Similarly, we also design and build a MIDI keyboard with fve 
keys. By connecting it to a laptop in Figure 22, the number pad 
could be used to calculate and control the movement of the in-game 
character. In Figure 22c, the 5-key MIDI keyboard functions as a 
piece of instrument, providing similar tactile feedback as that of 
the commercially available keyboard. 

Figure 23: (a) A kinematic design of Strandbeest with the 
simulation of mechanical motions; (b) All-in-One Print result 
of a pair of legs driven with a power drill; (c) Three pairs of 
legs linked together with one-third of the pace diference; (d) 
Final result of the Strandbeest walking on the ground. 
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6.5 Strandbeest 
Strandbeest (Figure 23) is a human-scale walking kinetic sculpture 
that Theo Jansen invented in 1990. Its intricate linkages make it a 
great example to showcase the capability of our integrated printing 
method. However, the challenge in fabricating Strandbeest is the six 
pairs of legs with 256 components in total and removing support and 
fxing matching errors, which may occur throughout the printing. 
Compared to the conventional print-assemble method, the All-
in-one Print method eliminates the need for assembly and post-
processing and signifcantly reduces the total print time. In addition, 
to increase the success rate, the density of the Support-bridges was
parametrically tuned beyond average to minimize the vibrations in 
the printing process. 

7 EVALUATION 

7.1 Overview 
7.1.1 Models preparation. To evaluate our approach, comparing 
printed-assembled objects and All-in-One Print objects become nec-
essary. For better qualities of printed-assembled objects, we adopted 
three models from Thingivers[48, 50, 51], which were designed by 
expert makers. To ensure their feasibility, we selected the models 
based on the following criteria: (1) high number of downloads and 
likes; (2) covering most of the joints (rotate, slide, and ball joint) 
mentioned in this paper; (3) meets the six instructions standards 
(Section 5.1.2). 

For the All-in-One Print models, they should go through the 
pipeline of DIY-designed models. Thus, we took the six instructions 
as a starting point to adjust the models virtually. Some details were 
handled manually, such as fatting the bottom of the separated part 
and modifying the inclination of some surfaces. We ensured that all 
adjustments were within 1.0 mm. These operations were done to 
ensure that Support-bridges and Arch-printing could be generated
correctly. After that, we import them for collision detection and 
G-code generation. Both print fles have identical settings (layer
height 0.2 mm, speed 70 mm/s, infll 10%, without adhesion and
support).

7.1.2 Users. We conducted a user study to obtain feedback on the 
post-processing process and the fnal objects. In this user study, 
we gathered eight participants, four males, and four females, all 
aged between 21 to 50 years old. Four participants had no prior 
experience with 3D printing, handicrafts, or digital fabrication; two 
had no experience with digital fabrication but had rich experience 
with handicrafts.; the remaining two had rich experience in both 
areas. 

We divided the participants into two groups: the novice group 
(consisting of the frst four participants) and the experienced group 
(consisting of the latter four participants). They went through the 
same process but were evaluated separately during the assessment. 
Each individual was compensated approximately $15 equivalent to 
the local currency for participation. 

7.2 Procedure 
During each evaluation session, participants were presented with 
three groups of components made with the conventional print-
assemble method and three integrated prints with the All-in-One 

Figure 24: Questionnaires. 

Print method. In addition, the participants were tasked with the 
following: 

Study on the user experience of manual fabrication: 
• They were given brief instructions on the design and fabri-
cation process of the products.

• They manually assembled the three printed-assemble prod-
ucts, and the assembly time was recorded.

• They manually removed the Support-bridges of the 3 All-in-
One Print products to make them fexible, and the time was
recorded.

• They completed a questionnaire on their experience with
manual fabrication.

Study on the user experience with the mechanical structures: 
• They manipulated the joints of all the assembled objects with
kinetic structures.

• They completed a questionnaire on their experience with
the kinetic structures.

• We conducted a semi-structured interview based on their
answers to the questionnaire.

7.3 Results 
The results of Q1 [Difculty] show that our proposed method sig-
nifcantly decreased the difculty of the post-processing process, 
particularly for complex printed-assembled objects. Using the All-
in-One Print method reduced the difculty level from 3.83 to 1.25 
in the novice group and 2.5 to 1 in the experienced group. 

The results of Q2 [Appearance] show that experienced partici-
pants reported increased satisfaction with the appearance of All-
in-One Printed products compared to printed-assembled products 
(from 3.08 to 4.08) in most cases. Overall, the experienced group 
reported slightly higher satisfaction with the appearance of All-in-
One Printed products. 

Looking at the result of Q3 [Efciency] and Q4 [Frustration], 
participants found that the efciency of the All-in-One Printed 
products was very signifcant (novice group from 1.67 to 4.75, expe-
rienced group from 2.5 to 4.92). Accordingly, although the fnished 
product drawings were available for reference during the assem-
bly of printed-assembled products, confusion, and uncertainty still 
arose during the assembly process. Additionally, many parts re-
quired additional tools, such as pliers and fles, due to matching 
errors, resulting in increased difculty in assembly. 

Novice users found that the All-in-One Printed products had 
signifcant advantages in terms of completion speed and fnished 
product quality (Q7), giving scores above 4.0. Printed-assembled 
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Figure 25: The sores from novices and experienced groups of the (a)switch, (b)whale, and (c)robot in response to the questionnaire. 

items were more likely to disassemble or break during the manipu-
lation, while this rarely happened with the All-in-One Printed prod-
ucts. The experienced group found that, after considering usability 
and stability (Q5, Q6, Q7), the kinetic performance of All-in-One 
Print products was better in the Switch and Whale cases. How-
ever, experienced users also scored the Robot All-in-One Printed 
products negatively on Q5[Motion Flexibility], stating that they felt 
the Robot case should have required some friction to maintain the 
postures, but those All-in-One Printed products felt too loose. They 
also provided suggestions for improving workfow efciency and 
printing quality, which are discussed in the Discussion and Future 
Work sections. 

8 LIMITATION AND FUTURE WORK 

8.1 Shell requirement for All-in-One Print 
A printable Support-bridges must be attached to other objects at
both ends, which can be challenging in cases where there are no 
shells or walls on both sides. To address this issue, we always en-
sure that part of the blue component is surrounded by the pink 
component during the All-in-One Print generation process (Figure 
13b-f), which facilitates the generation of Support-bridges. In gen-
eral, suspension bridges can only be completed with supports at 
either end and cannot replace conventional support in all cases. 

8.2 Iteration cycles 
While All-in-One Print can accelerate manufacturing and reduce 
assembly time during the fnal fabrication stage, the design and 
iteration process can be challenging. Manual modeling, printing, 
and modifcations can be time-consuming, and a failed print of a 
single part can render the entire product obsolete. That’s why we 

have designed Strandbeest modularly. Over the course of multiple 
iterations, we have not only improved the product’s design but 
also refned the All-in-One Print system. We have developed gap 
thicknesses and bridges to prevent shaking and have constantly 
updated our default settings to improve the success rate of printing. 
While there is still work to be done in this area, our experience in 
the design process has directly informed the development of our 
design tools. We plan to make the design tool web-based in future 
work for further accessibility with All-in-One Print. 

8.3 Excessive Support-bridges 
In most cases, the Support-bridges can be easily removed with simple
motions. However, they can also be removed manually for aesthetic 
purposes. Additionally, multiple support-bridges will be automat-
ically generated for large-scale prints to ensure print quality as 
the size of each component increases. In some cases, however, the 
input motions fail to provide enough force to remove every bridge, 
particularly for components with laborious lever capabilities. For 
such, individual tensions need to be applied to each component for 
removal, and post-processing is required to remove the Support-
bridges using tools.

8.4 Multi-stable structure for Ball joint 
In our design, we propose several multi-stable All-in-One Print 
designs (Figure 8) that can achieve multi-stable structures of single-
degree-of-freedom for rotating and stretching prototypes. However, 
our exploration of multi-stable systems in a higher degree of free-
dom is limited. 

We used the All-in-One Print method to reproduce the ball-joint 
structure. Our approach enhanced the integrity and robustness of 



CHI ’23, April 23–28, 2023, Hamburg, Germany Jiaji Li et al. 

the original ball-joint products. However, due to the gaps reserved 
for printers’ inaccuracy, it did not well reproduce their inherent 
physical properties of them (friction and stabilities). 

In the future, based on the multi-stable structure with a single 
degree of freedom, we will explore using polyhedrons instead of a 
sphere and extend the design space for multi-stable ball joints. 

8.5 Further integration with All-in-One Print. 
Printing integrated circuits is a widespread application in the feld 
of HCI fabrication [21], etc. While fattened circuits are commonly 
used, our goal is to create integrated circuits using unique fabri-
cation with FDM printers. This involves modifying the print head 
and G-code control to inject conductive material into gaps reserved 
in 3D-printed objects automatically. This is a challenging but in-
spiring and meaningful area of research. In the future, we plan 
to explore the integration of non-assemblies with other materials, 
existing components, or sensors, which could enable the creation of 
smart All-in-One Prints by integrating these components midway 
through the manufacturing process. 

9 CONCLUSION 
In this work, we have demonstrated that the All-in-One Print ob-
jects’ design tool and fabrication method can integrate multiple 
kinematic mechanisms into one object with a consumer-grade 3D 
printer. Compared with multiple steps of the conventional process, 
including manufacturing separated components, post-processing, 
and assembling, we present non-assembly All-in-One Print inte-
grated with multiple deformation primitives, stability control, and 
continuous creation in an active way. We developed a computa-
tional design tool to create integrated prints, which can be directly 
3D printed and easily deformed afterward. Furthermore, we also 
demonstrate various application cases, including toys with interac-
tive aesthetics and daily items with internalized functions. We look 
forward to extending our method into future sustainable fabrica-
tion. 
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