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Figure 1: CompAct design pipeline and tools. (A) Given the desired kinematic transmission properties, our tool helps designers
to (B) model them as a graph topology and (C) optimize it toward target transmission functions. (D) The tool then parses
the optimized graph topology and procedurally generates compliant joint modeling instructions to help users produce a (E)
physical design.

Abstract
Compliant mechanisms enable the creation of compact and easy-
to-fabricate devices for tangible interaction. This work explores
interconnected compliant mechanisms consisting of multiple joints
and rigid bodies to transmit and process displacements as signals
that result from physical interactions. As these devices are difficult
to design due to their vast and complex design space, we developed
a graph-based design algorithm and computational tool to help
users program and customize such computational functions and
procedurally model physical designs. When combined with active
materials with actuation and sensing capabilities, these devices
can also render and detect haptic interaction. Our design exam-
ples demonstrate the tool’s capability to respond to relevant HCI
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concepts, including building modular physical interface toolkits, en-
crypting tangible interactions, and customizing user augmentation
for accessibility. We believe the tool will facilitate the generation
of new interfaces with enriched affordance.
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1 Introduction
Compliant mechanisms garner interest in HCI to enable tangible
interactions. They are single-part flexible structures that afford
motions through structural deformation, eliminating the need for
complex hinges and bearings. They are used to build compact,
easy-to-fabricate devices that provide force feedback [33, 66] or
simulate hand-feel [62] in small, customizable form factors, as well
as kinematic sculptures, gadgets, and toys [21, 22, 24, 38]. When
arranged into an interconnected network, such mechanisms can
also transmit and transform displacements at distant locations, cre-
ating mechanical circuits where displacements and forces resulting
from interactions can trigger targeted physical responses.

However, unlike single-joint mechanisms, designing intercon-
nected compliant mechanisms is inherently challenging due to
the interdependencies among compliant joints. The behavior of
one joint can significantly impact the entire structure. These sys-
tems also exhibit nonlinear structural behavior, where small design
changes can drastically alter overall device kinematics. Moreover,
with each added joint increasing the number of interdependent
parameters, the design space grows exponentially with device com-
plexity. Literature often accounts for these challenges with finite el-
ement simulation and topology optimization [26, 47, 68]. Still, such
tools are computationally expensive and are often limited to planar
mechanism designs with fewer attainable degrees of freedom and
actuation modes. Alternatively, conversion-based methods [37, 38]
require an existing linkage mechanism as input and, therefore, fall
short in customizability and adaptability to new use contexts or
users.

This work explores enabling customizable and interactive design
of interconnected compliant mechanisms with targeted actuation
behaviors, creating CompAct devices. We develop a tool (Figure 1)
to facilitate creating interactive mechanical devices from end (input-
output transmission behaviors, Figure 1A) to end (physical model,
Figure 1E). The tool features an algorithm that uses graph-based
and componentized kinematic structure design to save computation
time (Figure 1B), making it possible to interactively (i.e., delays in
the magnitude of seconds) design three-dimensional transmissive
compliant mechanisms with motions in six degrees of freedom.
The tool employs heuristics engines (Figure 2A) to help designers
create and refine a topology toward desired transmission functions
(Figure 1C) and provides procedural modeling instructions to create
the compliant structure (Figure 1D).

Two design opportunities are identified with the proposed design
tool. First, existing compliant mechanism design tools are typically
focused on a single actuation mode and simple interactions (e.g.,
button presses [33, 66]) and less applicable to more complex or
conditional responses that require multiple concurrent actuation
modes. By contrast, the presented design tool can support users in
programming multiple transmission modes into a device to respond
to the user differently depending on the received manipulation.
Second, while compliant mechanisms are conventionally passive
in tangible interactions, inspired by the ongoing trend in HCI [7,
34], we show that integrating active materials can augment the
affordance of interconnected, transmissive compliant mechanisms.
Specifically, actuatable [9, 35, 57] and sensing [5, 12, 56] materials
can be incorporated in a CompAct device as the input or output

Figure 2: (A) Design heuristics for refining a transmissive
graph topology, including removing redundant components
(left) and resolving disrupted transmission flow (right). De-
sign examples: (B) modular physical interface, (C) smart lock
mechanism, and (D) augmentative wearable device.

of actuation. The design tool helps users to tailor – amplify and
transform - simple active material behaviors (e.g., linear contraction
[9], resistance changes [46]) into specific, predictable responses for
tangible interactions.

Using this design tool, we explore and implement several exam-
ples that showcase the enabled HCI interaction design opportuni-
ties. These examples include modular physical interfaces that can
detect and render haptic feedback and be reconfigured into various
form factors depending on the use scenario (Figure 2B), a smart
lock mechanism that requires a specific manipulation sequence
to unlock and enables encrypted and conditional tangible inter-
actions (Figure 2C), and customizing wearable devices that detect
hand gestures to enhance and proxy object manipulation (Figure
2D). We advocate that CompAct devices are ideal for applications
that require flexibility, adaptability, and minimal footprint, thus
enabling functional and dynamic physical interactions to blend into
everyday life. The intellectual contribution of this work includes:

1. A computational design tool to support various workflows
(inverse, suggestive, forward) to produce an interconnected
compliant mechanism design.

2. Numerical validation of the design tool’s effectiveness by
mechanically validating the generated design’s performance
against targeted transmissive functions.

3. Demonstrations of active material integration.
4. Design examples demonstrating the enabled design space.

2 Related work
2.1 Designing Kinematic Devices for Physical

Interaction
Kinematic devices in HCI leverage mechanical structures to provide
different interactivity, such as animated props [23, 51, 61], instal-
lations [27, 28], and robotic agents [13, 32, 41, 52]. These systems
use mechanical linkages and hinges (e.g., linkage scissor mecha-
nism in Xs [61]) or compliant structures (e.g., flexible truss [51])
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to create mechanical features. Their design is often challenging as
they require the user to consider transformative behaviors; there is
more than meets the eye. For this reason, literature often provides
computational tools to facilitate their design process. In the editing
environment, the tools allow users to composite building blocks
into an assembly and preview their collective mechanical perfor-
mance using simulations. This enables a forward design workflow
where the user may iteratively modify the design until reaching the
desired outcome. Some tools also provide functions to help users op-
timize structural rigidity [27] or generate control schemes [13] for
targeted motion. Still, given target kinematic functions, predicting
what device compositions are required to satisfy the specifications
remains difficult. CompAct contributes to this research commu-
nity by providing a design tool that helps designers generate and
refine a transmissive kinematic structure of compliant mechanisms.
In addition to the tool, we also explore new design opportunities
for transmissive kinematic structures, such as encrypting tangible
interaction.

2.2 Interactive Compliant Mechanisms
Compliant mechanisms are structures that enable kinematic mo-
tions by structural deformation. They are popular in mechanical
engineering for their miniaturizability, reliability, and assembly-free
fabrication advantages. Examples of applications include aerospace
engineering [39], microelectromechanical systems [59], and more.
In HCI, researchers favor their simplicity and manufacturability in
prototyping mechanical devices without requiring assembly. For
instance, Metamaterial Mechanisms [21, 23] enable users to create
gadgets and tools (e.g., door locks, pliers) using 3D-printable planar,
grid-like structures. Broader applications also include producing
action figures [38, 48] and creating haptic devices [22, 33, 62, 66].
In this work, the transmission-centric design approach allows de-
signers to better navigate these design spaces by enabling users to
prescribe conditional interaction behaviors (i.e., establishing multi-
ple transmission modes and conditioning its feedback on the user
input). For example, combining CompAct with FlexHaptics [33]
or Shape-Haptics [66] may enable haptic devices whose feedback
depends on how the user manipulates the input stick. Such trans-
mission prescription also allows mechanical structures to possess
embedded kinematic sensors and display functionalities without
requiring external controllers, similar to the fluidic intelligence
demonstrated by Venous Materials [40].

While compliant mechanisms are often passive to tangible inter-
action, there is a growing interest in combining them with sensing
or actuating materials to better support physical interactions, such
as MetaSense [12] and ReCompFig [62] using sensing materials to
detect user manipulation for digital contents or ConeAct [34] and
Robotic Metamaterials [7] using actuatable materials to create struc-
tures that dynamically change shape and adapt functions. In this
work, we demonstrate through application examples that the pre-
sented tool can also support active material integration. Moreover,
while prior literature mostly focuses on developing and characteriz-
ing individual devices or building blocks, the presented design tool
will enable users to systematically generate and customize novel
designs with computational guidance.

2.3 Designing Compliant Mechanisms
Despite the growing interest in and utility of compliantmechanisms,
few tools exist to create transmissive structures, and even fewer
tools can integrate active materials. Available design tools often
target single-joint designs [33, 62, 66]. Existing computationalmeth-
ods for generating interconnected compliant mechanisms also have
their limitations in customizing a transmissive structure. While
topology optimization [29] can generate a mechanical structure to
satisfy a desired transmission behavior, it is slow to compute due
to iterative finite element simulations. As a result, such method is
often limited to planar structures that only afford in-plane motions
[26]. The computation time also makes topology optimization less
suitable for interactive and iterative design prototyping. Moreover,
designing for multiple load (transmission) modes through topology
optimization may lead to competing design gradients that cause
the design to oscillate (i.e., repeatedly decimating and reinstating
an element) or become invalid (i.e., non-manufacturable) [47, 68].
Alternatively, the rigid body replacement method [37, 38] requires
an existing linkage system as input and converts it into a compliant
mechanism; therefore, they do not support ground-up synthesis
from arbitrary transmission specifications. By contrast, CompAct
builds upon existing graph- and component-based transmissive-
compliant mechanism analysis approaches [15–17] to develop a
design tool. Compared to topology optimization, our tool, leverag-
ing the freedom and constraint topology design method, affords
near real-time (<5 seconds) user interaction even when handling 3D
design problems, therefore more suitable for implementing interac-
tive design tools for concept prototyping by the HCI community.
The tool may also robustly attain multiple transmission modes by
algebraically modeling viable flexure layouts. Compared to the
rigid body replacement method, the presented design tool also al-
lows users to customize transmission functions without requiring
an existing linkage system as the input.

2.4 Active Materials in HCI
Digital design and fabrication tools empower HCI researchers to
create and augment objects with functional materials [58]. For in-
stance, actuatable materials may be used to create shape-changing
interfaces that render dynamic haptic feedback [4, 6, 9, 10] or shape
[34, 56]. Compared to electromechanical systems, active materials
can be conveniently customized into different form factors, making
them suitable for integration with daily life objects. However, these
materials often have primitive behaviors (e.g., linearly contract
[9, 56], swell [6]) and must rely on additional deformable struc-
tures (e.g., fabric [2, 14], paper [56, 65]) to direct their motions to
attain specific transformative behaviors. Literature often provides
examples of primitive structure design to guide users in applying
the materials. Still, available design methods (e.g., [53]) mostly
focus on designing unitary functional building blocks (i.e., such
as a bending sheet) and planar or linear structures; they put less
emphasis on conducting, amplifying, and compositing active mate-
rial transformations for complex interactions. CompAct responds
to this challenge and provides a design tool for integrating active
materials in compliant mechanical structures to create complex
interactions. In addition to actuatable materials, sensing materials
that respond to mechanical loads or deformations (e.g., capacitive
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sensors [12, 56]) may also be incorporated into CompAct devices.
In this work, we use common, off-the-shelf active materials (i.e.,
shape-memory alloy seen in [14, 34] and rubber stretch sensors in
[62]) to demonstrate this feature.

3 Background
3.1 Compliant Mechanism
Compliant mechanisms consist of rigid stages and deformable flex-
ures. Rigid stages are bulky and resist deformation, while flexures
allow deformation in specific directions due to their slender aspect
ratios. The type and arrangement of the connecting flexures deter-
mine the degree of freedom (DOF) between two rigid stages. A rod
flexure (Figure 3A) creates one degree of constraint (DOC) along its
longitudinal axis, blocking axial translation but allowing other DOF.
A blade flexure (Figure 3B) restricts translations in its plane and ro-
tations about its face normal but permits rotations within its plane
and translation along its normal. A compliant joint may include
multiple flexures, and the joint’s DOF will depend on the flexure lay-
out. The freedom and constraint topology (FACT) method [15–17]
models the relationship between flexure arrangements and joint
mobilities. This approach represents flexural DOC and DOF as lines
in 3D space (i.e., six-dimensional screw vectors), each encoded by
its direction and a reference point on the line. DOF vectors can be
linearly combined to generate motions between stages, forming
the joint’s freedom space. Conversely, constraint vectors create
the constraint space, which describes the compliant joint’s flexure
layout. Given a desired DOF, the FACT method identifies the nec-
essary flexure layout to achieve the targeted mobility, which can
then be parsed into instructions for modeling compliant joints [62].

3.2 Transmissive Compliant Mechanism
An interconnected compliant mechanism assembles multiple rigid
stages and deformable joints into a transmissive network that al-
lows displacements and forces to flow between distal ends (Figure
3C). In such a network, a displacement along a joint’s DOF causes
deformation, dissipating the load. Conversely, displacements along
the joint’s constraint space will cause minimal deformation and
flow through. This arrangement enables the mechanism to relay,
negate, and transform displacements and loads to provide compu-
tational behavior. The network’s transmissive behavior depends
on its topology (i.e., rigid body and connectivity) and each joint’s
DOF/DOC configuration. Literature [50] has developed tools for an-
alyzing such behaviors by combining the FACT method with graph
theory, where the rigid stages form the nodes, and the compliant
joints are the edges. Given its topology and joint configuration,
this method enables the prediction of a mechanism’s transmissive
behaviors. However, a FACT design tool for synthesizing compliant
mechanisms to achieve targeted transmissive behaviors remains
unavailable. This work addresses this gap by adapting the FACT
analysis algorithm to create a computational design-synthesis tool.

4 Overview of design algorithm
Given a set of transmission design goals, an interconnected com-
pliant mechanism is designed in three subsequent steps: 1) graph
topology synthesis/refinement, 2) joint displacement estimation,
and 3) flexure joint modeling (Figure 4). The first two steps solve

Figure 3: Compliant mechanism design through the free-
dom and constraint topology (FACT) method. The flexure
elements used in this work include (A) rod and (B) blade
flexures. A mathematical relation exists between a flexure’s
degrees of constraint (blue lines) and freedom (red lines).
(C) A transmissive compliant mechanism consisting of in-
terconnected joints can transmit displacements, whose (D)
topology can be represented and computed as an (E) directed
abstract graph. Stages (nodes) and joints (edges) are labeled
S1-S4 and E1-E5, respectively.

the problem globally to create the desired transmission function,
while the third step models the device joint-wise, independent from
one another. In topology synthesis and refinement (steps 0&1), we
seek to find and refine a transmissive graph to satisfy the desired
transmissions. Only the connectivity and need for intermediate
stages are determined at this step. The compliant joints’ DOF/DOC
is solved in step 2: joint displacement estimation, where we predict
how rigid stages should displace in sync to transmit displacements
between inputs and outputs. Steps 1 and 2 are repeated several
times to reduce a design’s redundancy until reaching a simplistic
graph topology. At this point, the compliant joints’ DOF/DOC
requirements are identified, which are then processed using the
FACT method to generate procedural instructions to guide users in
step 3: flexural joint modeling to create a physical model.
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Figure 4: Interconnected compliant mechanism computa-
tional design pipeline. The algorithm starts from transmis-
sion I/O specifications and an initialized graph topology (top
left). The graph topology is then iteratively modified to pro-
duce a valid design (bottom left). The resulting joint dis-
placement estimations are parsed into flexure layouts and
modeling instructions (bottom right). Users can then follow
the instructions to model a physical device achieving the
targeted functions (top right).

4.1 Representation
Transmissive Graph Topology. An interconnected compliant
mechanism is represented as a directed abstract graph (Figure 3D,
E). The nodes represent rigid bodies within the structure, connected
by compliant joints that constitute the edges. The nodes (stages)
are prescribed with boundary conditions such as fixed ends or in-
put/output displacements. At the beginning of its design, the graph
may be incomplete. I.e., only the I/O and ground stages are known,
but their connectivity, including the need for intermediate stages,
may be undetermined. Similarly, individual joints’ DOF/DOC are
also unknown factors that must be solved.

Transmission of Displacements. When describing transmis-
sions, a stage is selected as the fixed, grounded stage with no dis-
placement and serves as the reference frame for all motions. Each
of the other stages may be prescribed with an input or output mo-
tion. A motion is described by its motional DOF: motional axis
direction, position, and magnitude. If a node is not assigned with
any displacement, its motion is left undetermined and will be solved
by the design algorithm. A device may be prescribed with multiple
independent transmission modes, acting concurrently or one at
a time. It is possible to prescribe signal amplification using this
schema. For example, to double the displacement of an actuation,
the output is assigned twice the input’s displacement magnitude.

Active Material Integration. In an interconnected compliant
mechanism design, the actuators are represented and prescribed as
transmission inputs (Figure 5). An actuator is placed between two
rigid stages; one is considered the grounded stage, and the other

Figure 5: Active material integration in an interconnected
compliant mechanism. (A) Actuators and sensors may be
considered transmissions’ input and output to produce or
detect displacements, respectively. Example active materials:
(B) shape-memory alloy spring capable of contraction upon
exposure to heat and (C) conductive rubber cord sensor that
changes resistance when stretched.

is prescribed with a displacement corresponding to the actuation.
This input motion should be specified with desired output motions
to create transmission coupling. Similarly, sensors that sit between
two stages are modeled as the transmission output, and the relative
displacement between the two connected stages indicates how the
sensor will be deformed in response to the transmission.

4.2 Iterative Transmissive Graph Refinement
We employ an iterative refinement algorithm (Algorithm 1) to han-
dle topology synthesis and joint kinematics configuration in design-
ing transmissive compliant mechanisms. The algorithm first dis-
cretizes the design domain (i.e., the physical space occupied by the
interconnected compliant mechanism) into a dense graph network
of rigid stages connected by compliant joints, forming the input
for design iteration (Figure 1A, B). To iterate the design, the algo-
rithm then interlaces displacement estimation and heuristics-based
refinement (Figure 2A). A solver (see Section 7.1: Stage Displace-
ment Estimation) takes the initial topology as input to estimate
how rigid stages should displace against each other to achieve the
specified kinematic transmission, creating the DOF requirement
at each joint. The displacement estimation will also expose topo-
logical redundancies and potential problems in the transmission
pathway (Figure 2A), such as kinematic decoupling between the
input and output stages (i.e., when output stages may move freely
regardless of input motions). Several design heuristics monitor and
resolve these issues (Figure 1C, see Section 7.2: Graph Topology
Refinement Heuristics). The algorithm then re-iterates the modified
design until producing a simplified topology and joint DOF/DOC
assignment that satisfies the specified transmission functions. The
outcomes are then translated into modeling instructions with the
FACT method to guide users in modeling the flexural joints (Figure
1D), creating the physical design (Figure 1E).
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Algorithm 1 Iterative Transmissive Graph Refinement Algorithm
def iterative_transmissive_graph_refinement(domain, goals,
max_iteration):
heuristics = topology_simplification_heuristics +
decoupling_fix_heuristics
graph = discretize(domain, goals) # step 0 of Figure 4 (synthesis)
iteration_count = 0
done = False
do while not done:
iteration_count += 1
is_modified = False
displacement = displacement_estimation(graph, goals) # step 2

of Figure 4
for heuristic in heuristics:

is_applicable = heuristic.check(graph, displacement)
if(is_applicable):
graph = heuristic.refine(graph, displacement) # step 1 of

Figure 4 (refinement)
is_modified = True
break

if((not is_modified) or (iteration_count == max_iteration)):
done = True

end do
return graph, displacement

5 Design Tool Walkthrough
5.1 Design Tool
We implement the iterative design algorithm as a plug-in for the
modeling software Rhinoceros 3D. The tool is implemented primar-
ily in Python, and the interface is constructed using Grasshopper
and UI+ by David Manns [8]. As a prerequisite for using the tool,
the user should be able to numerically describe motions (i.e., mo-
tion axis direction, position, and magnitude) and model flexures.
The tool proxies the solution-finding process, but the user needs to
interpret and complete the guidance for creating a flexure layout.
Hence, the user should understand the parameters constituting a
flexure (i.e., orientation, position, aspect ratio, dimensions). The
tool also provides visual previews and textual prompts to facilitate
understanding.

A user approaches the tool with a listing of the bodies of inter-
est and their input and output motions. The tool helps the user
model the initial graph and prescribe the transmission goals, which
are subsequently sent to the design solver and iterated with the
refinement heuristics until a valid and simple graph topology and
joint modeling requirements are found. The tool then generates
modeling instructions and procedurally guides the user to model
flexural joints using a schema identical to that of ReCompFig [62].
The design tool organizes these steps into different functional tabs
(Figure 6).

The design tool uses an abstract visualization to represent the
transmission graph topology. Rigid stages are proxied by cubic
boxes, and compliant joints are represented as lines connecting
rigid stages. We opted for this representation to avoid visually
overloading the modeling viewport and to make the topology easier
to manipulate. In the joint modeling phase, the user can replace the

Figure 6: The design tool interface consists of a (A) model
viewport and a (B) panel with modeling functions.

Figure 7: Thephysical interface design example: (A) knob and
(B) button transmission modes, and (C) the specified design
domain enclosed by the rigid frame. Color codes – gray:
fixed stage; orange: input stage; blue: transmission mode 1
output stages; green: transmission mode 2 output stage. The
following figures use a similar color-coding scheme.

rigid stages with custom geometries to better visualize the design,
and the tool guides the user to model joint flexures.

We show a button-knob combo to exemplify the tool’s workflow
(Figure 7A, B). The design has an input stage at the top that can
be twisted or pressed. These two motions are prescribed as inde-
pendent transmission modes; each input action will cause different
side plates to displace laterally and transmit their displacements to
adjacent units (see Section 6.1: Design Examples: Modular Physi-
cal Interface Building Blocks). A coarse model is used to initiate
the design problem, which contains the I/O stage positions and a
rigid frame that serves as the grounded fixed end. The connectivity
between rigid bodies and flexure layouts is left to be solved by the
design tool, and the space enclosed by the rigid frame I/O bodies is
assigned as the design domain (Figure 7C).

5.2 Phase 1. Constructing Initial Transmission
Graph Topology

The design workflow starts with modeling an initial-guess graph.
The user may create the topology by (Figure 8A) manually adding
rigid stages (nodes) and compliant joints (edges) or by discretizing
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Figure 8: Topology initialization: (A) manual topology mod-
eling and (B) topology initialization with domain discretiza-
tion.

a design domain (Figure 8B). If the user begins the workflow with
a design domain represented by a volumetric shape, the design
tool will allow the user to select a discretization resolution for each
axis (Figure 8B) to establish the graph. Once discretized, the user
may drag and move stages around to further modify the topology,
and the edges are updated accordingly. Users may also manipulate
the topology at any point in the design tool—even while using the
iterative solver. The design tool also provides functions to export
and import design models as a .json file.

In the button-knob example, we initialize the graph by discretiz-
ing the design domain. We use a 3x3x3 resolution for the design
problemwithout knowingwhat topology is needed for the transmis-
sion design. This density provides the minimal resolution required
for representing the rigid bodies of interest, and the topology will
be simplified in the later steps.

5.3 Phase 2. Prescribing Target Transmission
Displacements

The next step pertains to prescribing design goals over elements
in the graph. The user should specify the number of transmission
modes needed for the design. The design tool then populates the
interface with modeling panels for each transmission mode. In the
panel, the user should specify a fixed stage for a transmission mode,
and a pop-up window (Figure 9A) will prompt the user to select the
scoped nodes, kind (i.e., input or output), and displacement. This
step can be repeated several times to prescribe multiple I/O to a
transmission mode. The design tool also visualizes the prescriptions
for preview, but only the prescribed stages’ motions are captured.

When designing the button-knob, the two transmission modes
share the same grounded stage. The bottom-center stage serves
as a proxy for the rigid, fixed frame. The top-center stage is se-
lected as the transmission input and assigned with corresponding
motions. The stages on the middle layer are designated as the trans-
mission output, and each transmission mode drives different stages
to translate outward along the axis they face (Figure 9B).

Figure 9: Goal displacement modeling: (A) goal modeling
panel and adding transmission I/O to rigid stages by spec-
ifying their axis and magnitude. (B) shows the resulting
transmission mode assignments for the knob-button device,
including a button press driving y-axis-facing side plates to
translate along the y-axis, and a knob twist driving other
side plates to translate along the x-axis.

5.4 Phase 3. Refining Transmissive Graph
With the initial graph topology and transmission goals, the design
tool helps the user apply the iterative algorithm and produce a valid
design (Figure 10A). Several indicators communicate the heuristic
evaluations in the solver panel. A green light indicates that a heuris-
tic does not apply to the current design, a yellow light suggests an
opportunity to apply a topological simplification heuristic, and a
red light indicates a transmission decoupling issue that must be
addressed to produce a valid design.

The tool provides two design interactions to refine a transmissive
graph topology - automation and manual/suggestive editing. The
automation mode requires no user input but runs on a pre-defined
logic agnostic of the design’s contextual needs. Conversely, in the
manual mode, the user has complete control over modifying the
graph topology with the design tool’s visual and textual hints. Still,
all decisions must be made by the user, and it can be overwhelming
in early design iterations where the topology is complex. The
suggestive mode compromises between the two modes and allows
the user to choose from suggested changes to iterate the graph
topology. This way, the designer can co-steer and modify the design
with the tool’s scaffolding. The user may seamlessly switch between
these design modes at any point, enabling flexible workflows.

5.4.1 Automation Mode. In the automation mode, the user leaves
the tool to finish a design task without manual input. The user may
specify the tool to run for certain iterations or indefinitely until
the design is completed. The solver will terminate early if it cannot
simplify the design further and finds no transmission decoupling
issues. The exit status is then textually communicated to the user.
All heuristic indicators should turn green in the finalized design,
signaling no further changes are needed.
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Figure 10: Graph topology simplification workflow. (A) The
user clicks on the “Topology simplification” heuristic to bring
up (B) a pop-up menu that helps to formulate a refinement.
(C)The user previews the solver-generated group assignment
and accepts the change. The “view groups” option color-codes
the stages into corresponding groups to be combined.

5.4.2 Manual or Suggestive Mode. To collaboratively work with
the heuristic engines, the user should click the “Analyze” button to
generate a displacement estimation. The design tool then checks the
graph topology and displacement estimation against each heuristic
to generate their status report and refinement suggestions. The
status report updates the indicator signals, and the user can click
on a heuristic to formulate a refinement in a pop-up menu, as
introduced below.

Topology Simplification. If a design presents an opportunity
for merging synchronized stages (i.e., stages sharing the samemove-
ment, resembling a rigid connection in-between), the pop-up panel
(Figure 10B) will render the stages in color-coded groups to com-
municate a potential merge plan (Figure 10C). If the user decides to
merge stages manually, the tool will double-check the assignment
to ensure the selected stages are indeed synchronized, or it will
prompt the user to correct them. Alternatively, the user may flag
stages for exclusion from merging, and the tool will attempt to
merge synchronized stages accordingly. Lastly, should the user
be satisfied with the suggested merge plan, they may also click
the “AutoComplete” button to apply the merge. The linear arc and
saturated joints heuristics provide the same interaction to allow the
user to simplify the topology manually or suggestively (See Section
7.2 for heuristic details).

Decoupling Fix. If a decoupling issue (i.e., when the displace-
ment flow between inputs and outputs is interrupted) is found, the
design tool will highlight the decoupled edges and nodes for the
user to examine (Figure 11A). Such issues are fixed by assigning
a biasing displacement to decoupled edges or nodes, which forces
them to displace in certain ways to reestablish displacement flows.

Figure 11: Decoupling fix workflow. (A) The tool helps the
user inspect decoupling sites and suggests a biasing displace-
ment. (B)The pop-upmenu presents potential fixes or allows
the user to specify a manually formulated fix. (C) The drop-
down menu to alter the design tool’s priorities in picking a
fix.

Figure 12: Button-knob design iteration history: (A) de-
sign iterations and (B) modeled flexure layout. Top row:
graph topology changes across iterations. Bottom row: solver
heuristics check result.

By default, the user may allow the design tool to “Auto Complete”
the design using its built-in heuristics or optionally alter the heuris-
tic engine’s priorities when formulating refinements (Figure 11C,
see also Section 7.2). Users attempting to fix the decoupling issues
manually can pick from the design tool’s suggested biasing dis-
placements or manually specify one (Figure 11B) to supersede the
heuristic engine’s decision.

Both automated and suggestive modes are used to create a valid
knob-button design (Figure 12A). In the first iteration, the user
accepts the changes suggested by the heuristics engine to merge
synchronized stages. In the subsequent step, the design tool identi-
fies a decoupling issue in the modified graph topology. The user
then examines the biasing options and picks a biasing displacement
for each transmission mode-node combination from the design
tool’s suggestions.

5.5 Phase 4 Transmission Preview
A separate tab allows the user to visualize the stages’ displacements
as estimated by the solver (Figure 13A). The estimations are not lim-
ited to the finalized design. Users may use this function to preview
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Figure 13: Transmission preview. The rigid stages are visual-
ized using proxy boxes. However, they could bemodeled into
any shape in the later step. (A) The panel for previewing and
combining modal displacements. (B) Previewing the knob
mode’s displacement, where the top stage rotates in place
and the side plates shaded in blue translate laterally.

an intermediate design’s displacements to inform their decision.
A slider lets the user preview each transmission mode’s motions
from 0% to 100% displacements (Figure 13B). Multiple transmission
modes may be actuated and visualized simultaneously to preview
how they would behave in combination. We note that this pre-
view is purely kinematic and does not consider collision, flexure
dimension, and material limits. These factors will necessitate com-
putationally expensive finite element methods, compromising the
design tool’s real-time interactivity. Still, future implementations
may incorporate these features.

5.6 Phase 5. Flexural Joint Modeling
Once the solver checks and validates a design, the tool helps the
user model the flexural joints constituting the transmissive graph
topology. The tool parses the solver output (displacement estima-
tions) to generate modeling instructions per joint (Figure 14). These
instructions are organized into panels to help users tackle one joint
at a time. Under each panel, the tool provides visual and textual
prompts to inform flexure placements (Figure 14B). Users may use
flexural rods or blades (i.e., thin sheet flexure) to create the needed
flexure layout (Figure 14C, see Figure 12B for the completed flex-
ure layout), and the prompts are updated in real time. Note that
designers may also replace the rigid stages with custom geometries
to better iterate and visualize the design (Figure 14A). The stages
may be modeled into any shape as long as they are sufficiently
rigid (i.e., at least one magnitude thicker than the flexures at any
cross-section). Yet, the tool does not perform a rigidity check for
the user.

6 Design Examples
The devices demonstrated in this section are designed with the
computational tool and prototyped with an off-the-shelf 3D printer
(Ultimaker S5 with PETG or PC filaments), active material actuators
(Nitinol shape-memory alloy spring, Fuxus), and sensors (Stretch-
able Rubber Cord Sensor, Adafruit). The actuators are activated at
43℃ and are safe for continuous skin exposure for no more than an
hour [25].

Figure 14: Flexure Modeling. (A) In this example workflow,
the designer first replaces the rigid stage proxy boxeswith the
coarse knob model. (B) A pop-up window communicates the
targeted flexural joint layout for each joint. (C) The designer
then models the flexures (i.e., blades in this case) according
to the procedurally updated information.

6.1 Modular Physical Interface Building Blocks
We use the design tool to create three physical interface building
blocks: knob, trigger, and button (Figure 7, Figure 15A-B, Figure
16). The input element is located at the top side of the blocks, and
the internal structures transmit the input motions to drive side
plates to translations. The knob transmits an input rotation or
press into different side plates’ movements, creating two concur-
rent transmission modes (Figure 17A). The trigger and button are
designed with a singular transmission mode and I/O pair (Figure
17B-C). These building blocks can be joined with an actuator-sensor
hub (Figure 15C) via magnets on the side plates to render haptic
feedback (Figure 17D) and detect motions (Figure 17E). Given that
these designs are relatively simple, the design tool can automate
most of the heuristic decisions (Figure 12, Figure 16) to produce a
satisfactory, viable design.

The interface building blocks have modular dimensions that
allow recomposition into different form factors depending on the
interaction context (Figure 17F). Usersmay disassemble an assembly
of building blocks and rearrange them into a new form factor suited
for a different use case (see supplementary video). Compared to
conventional electromechanical interfaces, these devices may be
quieter to operate. The absence of mechanical articulations and
motors makes these devices lightweight and compact. In addition
to these building blocks, the design tool also enables future users
to easily create more block types, potentially enabling a low-cost
prototyping toolkit. In particular, the most complex unit – the knob
– costs less than $2.5 USD in material and weighs shy of 30 grams.
The active materials in the actuator-sensor hub cost around $14
USD ($13 USD shape-memory alloy spring, $0.3 USD rubber cord
sensor) and are reusable. Anecdotally, this design example also
shows that topologically and functionally complex devices may be
created by modularization.
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Figure 15: Modular interface building block design: (A) dif-
ferent types of building blocks, (B) the devices’ dimensions
and internal structure designed with the tool, and (C) the
actuator-sensor hub.

Figure 16: The interface building block design iterations: (A)
the trigger and (B) the button. From left to right: initial coarse
model, initial graph topology, simplified (final topology).

6.2 Smart Lock Mechanism
In this example, we use the design tool to create a lock mechanism
wholly made of a compliant mechanism and only unlockable by
manipulating the handle in a correct sequence of actions. The lock
consists of an input handle, a lock pin, and a latch (Figure 18A).
When closed, the latch and lock pin extend into the lock block, me-
chanically preventing it from unlocking. To unlock the mechanism,
the input handle should be pushed upward to disengage the lock
pin from the hook, followed by (Figure 18B) rotating the handle
downward to move the lock pin into a clear passageway. The lock
is then opened by pushing the handle forward to retract the latch
and lock pin. A stretchable sensor is attached between the fixed
frame and the latch stage. The sensor is stretched when retracting

Figure 17: Modular physical interface building block pro-
totypes: (A) knob, (B) trigger, and (C) button. (D) When
connected with an actuator-sensor hub, the shape-memory
spring contracts to provide force and displacement feedback
at the input stage. Similarly, (E) the sensor is stretched when
displacements transmit through the side panel, triggering
events (changing background screen color). (F) The modular
building blocks can be reconfigured into different form fac-
tors depending on the interaction context.

the latch, causing a resistance change that a microcontroller can
detect to trigger further events.

The device is designed with an initial sketch model to establish
the design domain and bodies of interest (Figure 19). Three trans-
mission modes are specified to create the design problem, each
creating a pin and latch movement in Figure 18B. The flexures are
modeled according to the design tool’s instructions, and the rigid
bodies are modeled to connect between flexures and provide the
intended function. The physical lock pin and latch movements can
be seen in Figure 20. Qualitatively, our design tool enables the
design of more complex behaviors than metamaterial mechanisms
[21, 23, 24]. The door latch in [21] is limited to planar motions and
a singular transmission mode. In contrast, this example demon-
strates 3D motions (i.e., out-of-plane X-rotation and Y-translation)
and concurrent transmissions, creating computational behavior
where the output bodies’ motions are conditioned on the input’s
displacement. Such a design affords an “encrypted” tangible inter-
action with the user: the latch may only be unlocked by users who
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Figure 18: Smart lock mechanism design. (A) The lock com-
prises a transmissive structure and a sensor. The latch and
lock pin extend into a lock block, preventing it from opening.
(B) The lock may only be disengaged by moving the handle
in three consecutive steps.

know about the unlocking sequence (Figure 20). We speculate that
such features may enable the community to create tangible security
and mechanical computation.

6.3 Wearable Haptic Augmentations
The algorithm and design tool enable the customization of devices
that augment the wearer’s ability to interact with objects. In this
example, we contextualize in upper-body motor impairment [31]
and presume a user with limited hand motor functions (i.e., no
finger mobility and wrist extension; capable of wrist flexion). A
device is designed to be worn at the right hand to proxy a grasping
motion with wrist flexion as input (Figure 21, Figure 22A). Flex-
ing the wrist (i.e., rotating the hand toward the palm) will stretch
the sensors, changing their resistance (Figure 21B, Figure 22B). A
controller monitors this change and relays current to the shape-
memory springs, causing them to contract and close the grasper
(Figure 21C, Figure 22C). Compared to directly transmitting the
input motion into the output, such a modulated device can allow
users to use their dexterous muscles to generate a signal, and the
actuator proxies the output to generate the required forces (Figure
22D).

Figure 19: Smart lock design process. The design tool is used
to discretize a space inside of the fixed frame to produce
a 3 × 2 × 3 rigid body array. The latch and lock pins are
manually added to the graph topology. The input handles’
position and connectivity are also adjusted in this step. The
design tool suggests topology simplification in the first two
iterations, which the designer accepts, and the tool is allowed
to automate the decisions. At the third iteration, the design
tool identifies a transmission decoupling issue. The user
resolves this problem by picking from the tool’s suggested
changes.

In this design, the input and output motions are modeled as
individual transmission modes. While the tool is allowed to au-
tomate most of the decisions, we more frequently edit the graph
topology to prevent generating stages and joints that collide with
the hand (Figure 23). The final design weighs 108.14 grams and
costs less than $34 USD in material. The rigid stages contribute to
most of the device weight, and we speculate that switching to a
material with a higher specific strength (i.e., elastic modulus over
density) and topology optimization [3] may further reduce its foot-
print. Other than the accessibility scenario, we also foresee that
similar exoskeletal devices may enable proxying and simulating
kinematic experiences of a different skeletal frame (e.g., downscal-
ing the wearer’s finger motion range [44]), and the provided design
tool will enable interaction designers to customize devices with
varying kinematic transmission and user factors.

7 Algorithm Details
This section provides a conceptual description of the components
behind the iterative design algorithm. We note that users may use
the design tool without a strong understanding of the mathematical
principles, and this section provides a conceptual introduction to
guide (re)implementations and facilitate understanding the design
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Figure 20: The smart lock mechanism unlocking sequence
taken from a physical prototype. Inset images show a rubber
cord sensor detecting an unlocking event at the final step to
change the ambient light color from red to green.

Figure 21: Wearable device for user augmentation: (A) device
schematics, (B) input motion, (C) output motion.

tool’s interface options. Detailed mathematical models are provided
in the supplementary materials. In the following part, we will
explain the algorithm using the simple transmission design shown
in Figure 3C-E as an example. Thematrices representing its abstract
graph topology can be found in Figure 24.

7.1 Joint Displacement Estimation
Given a graph topology, the joint displacements required to satisfy a
transmission are found by modeling and solving several constraint
equations. The constraint equations pertain to the graph topology’s
inherent connectivity and the I/O bodies’ target displacements.

Figure 22: Wearable grasper prototype: (A) Overall view, (B)
sensor extension by wrist flexion, (C) closing grippers by
actuator contraction, and (D) using the device to grasp and
manipulate objects.

Figure 23: Wearable grasper design iteration. The space
around the hand is discretized into a 3x3x5 network of rigid
stages. The stages colliding with the hand are removed to
create the initial graph topology. The design tool suggests
and automates topology simplification, but a stage is pre-
served to prevent the joints from collapsing and colliding
with the hand. Next, the graph topology is manually edited
to allow more actuator space and to remove a joint between
the output bodies. The tool identifies no decoupling issue.

These constraint equations concatenate into a linear system of
equations, which allows us to numerically solve how joints in the
topology should displace to carry out transmissions. Below is
a summary of the joint displacement estimation algorithm. See
Appendix A.8 for the algorithm’s mathematical formulation.

7.1.1 Input. The transmissive graph topology is defined by its
signed adjacency and incidence matrices, as well as the stages
centroids and a pivot point per compliant joint. Multiple (>=1)
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Figure 24: The graphical representation of the interconnected
compliant mechanism shown in Figure 3C-E.The rigid stages
and compliant joints’ connectivity are represented by a (A)
directed adjacencymatrix [P ] and an (B) incidencematrix [I],
respectively. The entries in the matrix indicate the direction
of connection – 0: not connected; -1: sender of connection; 1:
receiver of connection.

kinematic transmission modes may be prescribed to the transmis-
sive graph, each defined by setting one stage (node) as the fixed end
and a set of I/O prescriptions. The inputs and outputs are defined
by a target stage index and a displacement (as a DOF twist vector).
See also Appendix A.1: Topology Representation.

7.1.2 Step 1. Model joint freedom space. For each joint in the
graph topology, model their possible displacement DOF as screw
vectors using their pivot points (i.e., the midpoint between adjacent
stages). These available DOFmay be linearly combined to produce a
displacement, which will be calculated later. See also Appendix A.3:
Joint Modeling. When a joint’s DOF is undetermined, we assume
all six DOF are available, creating the full freedom space.

7.1.3 Step 2. Modal kinematic constraints. For each transmission
mode, construct three types of kinematic constraint equations. The
constraints accumulate displacements along connected edges in the
graph, and the summed value should equate to a targeted kinematic
relation between the starting and ending stages. See also Appendix
A.5: Constraint Modeling.

• Kinematic loop constraints. A transmissive graph topol-
ogy often contains multiple closed loops (Figure 25A). The
displacements along the edges in a loop must sum to zero,
which indicates that the stages do not displace against them-
selves and obey the rigid body assumption (Figure 25A).

• Stage mobility constraints. The displacements accumu-
lated from the fixed stage to an input or output should equate
to the prescribed motion (Figure 25B).

• Transmission constraints. For each input and output pair,
the accumulative displacement between the transmission
pathway should equate the difference between them (i.e., the
output’s displacements minus the input’s, Figure 25C).

7.1.4 Step 3. Model problem linear system. The kinematic con-
straints and joint freedom spaces are composited into a system of
linear equations per transmission mode. The linear system readily
describes all desired kinematic relations and the topology’s intrinsic
properties. See also Appendix A.2: Numerical Model, A.4: System
Kinematics Modeling, and A.6: Constructing Linear Systems.

7.1.5 Step 4. Solve the design problem. A transmission estimation
that requires a small number of joint DOF is found by solving
the linear system using L1 minimization. If the design problem

Figure 25: Interconnected compliant mechanism design con-
straints using the specification and graph topology in Figure
3C-E as an example: (A) kinematic loop constraints, (B) stage
mobility constraints, and (C) transmission constraints.

involves multiple transmission modes, the minimization target
may be adjusted to promote reusing joint DOF across transmission
modes. See also Appendix A.7 Solving Design Requirements.

7.1.6 Step 5. Identify the required DOF.. A joint’s mobility require-
ment (i.e., DOF) to enable a transmissionmode is found by analyzing
the corresponding DOF velocities found in the previous step. In
principle, a design problem involving multiple transmission modes
will produce one DOF requirement per mode and joint. See also
Appendix A.7 Solving Design Requirements.

7.1.7 Output. The algorithm outputs each joint’s mobility require-
ment as a collection of DOF vectors describing their displacement
under each mode. These vectors are used to visualize how rigid
bodies are displaced under a transmission mode. A joint’s cor-
responding DOF vector(s) forms a freedom space that is used to
generate flexure modeling instructions using the FACT method
[16, 17] and ReCompFig’s single-joint modeling tool [62].

7.2 Graph Topology Refinement Heuristics
Thedesign refinement heuristics fall under two categories: topology
simplification and decoupling fix. The order of applying these rules
is deliberately structured to prioritize topology simplification over
decoupling fixes. The former eliminates redundant joints and stages
in the early stage, reducing computation time while decimating the
design problem’s complexity. We note that Topology Simplifica-
tions are optional in producing a valid design, but Decoupling Fix is
mandatory. Each heuristic has a check to evaluate its applicability
and a refine function to alter the graph topology. See Appendix
A.8: Topology Simplification Heuristics and A.9: Decoupling Fix
for more information and visual examples.

7.2.1 Topology Simplification: Merging Synchronized Stages. Based
on the displacement estimations, adjacent stages sharing the same
displacement can be optionally merged into a single body. These
synchronized stages have no relative displacement, resembling rigid
connections. Consequently, these stages could be combined into a
rigid body without compromising the transmission functions.

7.2.2 Topology Simplification: Collapsing Linear Arcs. A linear arc
is a subset of serially connected edges within a graph. In graph-
based kinematics analysis, these arcs have identical design implica-
tions as a single joint: the DOF/DOC of a serially connected arc can
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be equivalently established by a single compliant joint [18]. Thus,
they can be combined to simplify the graph topology.

7.2.3 Topology Simplification: Removing Saturated Joints. An edge
within a transmissive graph topology may be removed if all six
DOF are used. In this case, the edge must afford zero DOC between
the connected stages, leading to no legal flexure placement. Hence,
the joint could be removed.

7.2.4 Decoupling Fix. The input and output stages’ motions are
decoupled when the input can be displaced independently without
incurring displacement of the output node. This issue often oc-
curs in the transmission pathway between input and output nodes,
where an intermediate stage is displaced in specific ways to cancel
out the flow of motions. To resolve this issue, a biasing displace-
ment should be prescribed to the decoupling site to re-establish the
displacement flow.

8 Numerical validation
8.1 Test Setup
We use finite element analysis (FEA) to validate the effectiveness
of the algorithm and design tool. Unlike physical experiments (e.g.,
using Instron machines), FEA enables the simultaneous setup of
various load conditions and measurement of multiple output dis-
placements, providing a repeatable method for analyzing transmis-
sive compliant mechanisms with multiple I/Os. Although slower
to compute, FEA offers accurate evaluations and is often used as an
alternative to physical prototyping in mechanical engineering to
evaluate complex mechanical systems.

Two devices are designed using the tool (Figure 26), with rigid
stages modeled as simple geometries to maintain generalizability.
The flexures are modeled according to the tool’s recommendations.
We validate the designs using Ansys’s static structural analysis
with isotropic material settings (Ultimaker Polycarbonate, elastic
modulus: 2579 MPa, Poisson ratio: 0.3). In the tests, displacement
loads are applied to the input stage, and the output displacements
are measured against design specifications.

8.2 Targeted Transmission
The first device verifies whether the generated design carries out
the specified transmission functions (Figure 26A). It converts the
input stage’s X-translation into Y-translation and Z-rotation at
two distal stages (Figure 27A, B). The results (Figure 27C) show
good agreement with the transmission target. Both output stages
are displaced along the targeted DOF with at least an order of
magnitude greater motions than the unwanted ones. However,
due to compliant mechanisms’ inherent nonlinear behaviors, the
output motions were not consistently proportional to the input—an
expected outcome for mechanisms with large deflections (e.g., >10%
of flexure length; our examples have 20%) [19, 55]. Still, minimal
displacements occur along non-targeted DOFs, indicating that the
device effectively minimizes undesired transmissions.

8.3 Concurrent Transmission Modes
The second device verifies the tool’s ability to generate designs
affording multiple simultaneous transmission modes (Figure 26B).

Figure 26: Devices for validation. Images show design specs
(left) and the modeled test samples (right). (A) A simple
device consisting of one kinematic input and two outputs.
(B). A dual-transmission device consisting of one kinematic
input and two potential outputs. The input’s XY-translations
drive separate outputs.

Figure 27: Simple IO device simulation result - (A) test setup,
(B) visual results, and (C) measured displacements along each
DOF. Dashed lines in (C) show the expected displacement
curve. Solid lines show simulation results.

This device maps two independent translations (X & Y) at the in-
put stage to corresponding rotations along the other axis, forming
two transmission pathways (Figure 28A). An X-translation of the
input stage triggers a Y-axis rotation of output stage 2, while a
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Figure 28: Double IO device simulation result - (A) test setup,
(B) visual results, and (C) measured output stage displace-
ments. Each row shows a different input condition; from
top to bottom, the input stage moves along X-translation,
Y-translation, and both translations simultaneously. Dashed
lines in (C) show the expected displacement curve. Solid
lines show simulation results.

Y-translation triggers an X-axis rotation of output stage 1. The
transmission modes can be activated independently or in combi-
nation, depending on the input stage’s displacement DOF (Figure
28B). Results indicate that the transmission modes are effectively
decoupled: when one transmission mode is activated, the other
output stage remains nearly stationary (<0.87°, 5.1% of the mo-
bile output stage’s displacement). When both transmission modes
are activated simultaneously (i.e., diagonal movement along the
X-Y plane), both output stages move with comparable magnitudes,
demonstrating that the device can concurrently support multiple
independent transmissions.

9 Discussion AND Design Guidelines
9.1 Topological Complexity
The topological complexity needed for a design depends on the
transmission specifications. Generally, the more required transmis-
sion modes and varying displacements, the more compliant joints
and stages are needed. As a guideline, there should be more edges
than concurrent modes (e.g., one joint for unimodal designs, two
joints with one intermediate stage for bimodal designs). An inter-
mediate stage between I/O nodes can compound displacements,
enabling multiplemodal displacements to arithmetically recombine.

Figure 29: Using intermediate nodes to circumvent impass-
able spaces. (A) The edge between the input (X-translation)
and output (Y-translation) trespasses the designated impass-
able zone, invalidating the design. However, (B) the impass-
able zone can be circumvented by rerouting the gear train via
an intermediate stage (Z-rotation) to redirect the displace-
ments.

Additional intermediate stages may also be useful in redirecting
transmissions around corners and limited spaces between I/O stages
(Figure 29), such as the wearable device example Figure 23.

9.2 Scalability
CompAct design can potentially scale beyond the mesoscale (cen-
timeter scale) demonstrated here. Compliant mechanisms are com-
monly used at smaller scales, such as in micro-electromechanical
systems [59]. However, fabricating smaller-scale devices presents
challenges in fabrication resolution due to the flexures’ slender
geometries. At larger scales, compliant mechanisms are used in
automobile springs [64] and building structures [45]. Nonetheless,
it is worth noting that scaling up CompAct devices will introduce
a challenge in material selection. Flexures need to be thickened
to withstand the device weight and interaction forces that scale
cubically with size, but their stiffness also scales quartically with
increased dimensions, presenting a tradeoff between robustness
and compliance. Hence, when scaling compact designs to a meter
scale, using materials with higher elastic moduli may be more vi-
able. As an example, steel is 100x stiffer but only 7x denser than
polycarbonate plastic, making it possible to keep flexures slender
and compliant without much slacking to its own weight.

9.3 Kinetics Design
The design tool presented in this work is focused on kinematics de-
sign, relating only to a device’s displacement behavior. The flexure
layout recommended by the design tool maximizes compliance for
the targeted motions and stiffness for the undesired ones. Still, cer-
tain load-sensitive application scenarios, such as rendering precise
haptic feedback or using small-force actuators (e.g., thermoplastic
residual stress [63]), may require considering device stiffness. In
principle, the longer and thinner a flexure is, the easier it is to
displace it. A flexure’s dimension may also affect its robustness as
the fatigue threshold is a function of the cyclic load. The higher the
strain, the less robust a flexure is (failing with fewer load cycles).
Moreover, the maximum strain in a bent flexure increases with
thickness [11]. Hence, it is advised to keep flexures as thin as pos-
sible to avoid premature flexure failure. Anecdotally, this work’s
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devices made from polycarbonate with a max strain no higher than
5% could withstand hundreds of load cycles during test runs and
documentation, in line with that suggested by literature [20]. The
devices are also robust against haptic interactions. The modular
interface (Figure 17) and smart doorknob (Figure 20) are made with
1 mm diameter rod flexures and 0.2-0.3 mm thick blade flexures, and
they could sustain typical physical interface manipulation forces in
the range of 25N [69]. Still, the flexures are susceptible to rupture
or permanent deformation if exposed to excessive forces. Future
works may consider combining the CompAct tool with a screw
algebraic kinetic model [55] to generate, iterate, and optimize the
flexural layout and geometry design, potentially achieving end-to-
end device design automation for both kinematics and kinetics.

9.4 Mechanical design limitations
Thiswork builds on a conventional flexure design and shares similar
limitations (e.g., limited motion range, no continuous movement).
While these devices can transmit displacements between distal
parts, they cannot threshold signals or decouple I/O motions to
create digital behaviors like those of Digital Metamaterial Mecha-
nisms [21]. For instance, an AND gate with inputs of 1 and 0 should
output 0 (where 1 indicates a displacement and 0 indicates no dis-
placement), a condition that inherently involves I/O decoupling
and is incompatible with the current algorithm. Future work may
explore using contact-aided compliant mechanisms [36, 43, 54] for
signal thresholding. This enables displacements to transmit only
when rigid stages move past a certain threshold and come into
contact with another rigid body. Incorporating stiffness-changing
materials [67] may also allow stimuli-responsive transmission re-
configuration (e.g., buckling under displacement when softened,
transmitting when hardened), enhancing a device’s versatility and
adaptability. Anecdotally, we also note that joints that require a
screw motion (i.e., simultaneously rotating about and displacing
along the same axis) to transmit forces usually have smaller mo-
tion ranges and higher stiffness. Thus, users should avoid creating
designs where two adjacent stages rotate and translate along the
same axis to increase a device’s mobility and compliance.

9.5 Design Tool Interaction
The design tool provides multiple modes to refine a CompAct de-
sign. Anecdotally, we found that automation effectively reduces
the graph topology complexity in the early iterations, removing
redundant components to make the graph topology easier to ma-
nipulate and reason. The manual mode allows users to fix design
issues that arise from the context-agnostic algorithm, as seen in
the wearable device design example, for preserving rigid stages to
avoid collision. Still, making effective mechanical design changes
may require certain design intuition or demonstration [11], and
we speculate that the options and complexity in the manual and
suggestive mode may overwhelm less experienced users. Moreover,
in manual and suggestive modes, the tool does not assess or com-
municate a modification’s long-term impact on the final design. If
the design grows complex or over-constrained, the user may also
become frustrated with managing and assessing their decisions to
iterate the design. Still, further research is required to evaluate how
designers interact with such a tool. While this work mainly focuses

Figure 30: Device design and fabrication preparation using
the knob-button design as an example. (A) The knob button
model shown in figure 15B-left was segmented into multiple
parts for fabrication. The model is color-coded, with each
color corresponding to a rigid body or a type of flexure. (B)
An exploded view of the parts assembly. A rigid body may be
divided into multiple parts (annotated with different shades
of the same color) that sit flatly on the 3D printer platform.
Colors: magenta, rod flexures; cyan, blade flexures. (C) Flex-
ures are printed flat on the print bed to ensure continuity
along the load direction.

on developing an enabling tool, its usability and learnability may
also be examined in future research.

10 Future Work
This work mainly focuses on designing interconnected compliant
mechanisms, but the fabrication challenge also bottlenecks their
broader impact. The flexures’ extreme aspect ratios make them
prone to deformations in additive manufacturing processes when
printed as a whole, compromising device precision and quality. In
this work, we circumvent this issue by decomposing the devices
into smaller parts that can lay flat on the build platform and as-
sembling them post-fabrication using plastic-weld glue (Figure 30).
While it is a manual process, this approach ensures good flexure
quality and dimensions. Still, to reduce assembly labor, we spec-
ulate that support-free fabrication methods like powder-sintering
[39] and embedded printing [1] may monolithically produce in-
terconnected compliant mechanisms without compromising their
precision. Alternatively, slacking and vibration during fabrication
could be minimized by planar flexure layout [60] or cutting-away
supports. Leveraging transformative active materials (e.g., self-
folding structures [42] or 4D printing [57]) may also support print-
ing devices in more fabricable forms that self-assemble into a 3D
functional shape.

The transmissions of interconnected compliant mechanisms can
be viewed as a form of mechanical computing [30, 49], where dis-
placements are signals, and the structure is the processing medium
that does not rely on electrical circuits. Integrating active materials
further augments their ability to detect and respond to ambient
interactions or adapt their functions without a mediating digital
processor. This design paradigm has pros and cons that set it apart
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from conventional electronic IoT. While they may be limited in
computation speed and versatility, they could be less expensive
and more resilient to environmental hazards (e.g., outdoor, humid).
Speculating on its implications in HCI, CompAct’s broader appli-
cations may include distributed sensors (energy harvesting and
environment monitoring), wearable technologies (lightweight and
reconfigurable exoskeleton), and input devices. These design spaces
may be further supported by providing active material selection
and suggestion features in the design interface, creating future de-
velopment opportunities. More design guidelines may also come
from extensive uses of the design tool.

11 Conclusion
This work develops a computational tool for designing intercon-
nected compliant mechanisms with transmissive behaviors. These
systems use deformable joints to transmit and negate forces and
displacements, resulting in structures capable of processing dis-
placements as signals. Devices based on such mechanisms can
provide interaction-dependent haptic response and enable mechan-
ical logic. While challenging to design, this work’s computational
tool facilitates the customization and modeling of devices. The
design tool allows users to prescribe device behaviors by specify-
ing the transmission input and output. The interactive workflow
helps users plan out a device’s mechanical structure and guides
users in creating a physical design through procedurally generated
modeling instructions. The proposed design system also paves the
way for integrating sensing and actuation materials to augment
a device’s affordance further. Using this tool, we create several
design examples to demonstrate the enabled design opportuni-
ties. These include modular physical interfaces with haptic I/O
functions, a smart lock that can provide encrypted tangible interac-
tion, and a wearable device that can proxy gestures and help users
manipulate objects. We believe the proposed design concept, algo-
rithm, and design tool (available at https://github.com/morphing-
matter-lab/CompAct) will empower HCI researchers to navigate
new design spaces while enriching interactivity through physical
interfaces. Envisioning future implications, we also anticipate that
our contribution will pave the way for embodied computation and
interaction to integrate seamlessly into everyday life.
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