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Figure 1: A, B, C: Shape-Haptics mechanism swatches and their respective force-displacement curves. Objects with haptic atachments—D: Pliers that deliver a “click” at the end of a press. 
E: Electronic slider that delivers variable resistance along its track. F: Analog trigger on a VR controller augmented with a midpoint bump. 

ABSTRACT 
We present Shape-Haptics, an approach for designers to rapidly de-
sign and fabricate passive force feedback mechanisms for physical 
interfaces. Such mechanisms are used in everyday interfaces and 
tools, and they are challenging to design. Shape-Haptics abstracts 
and broadens the haptic expression of this class of force feedback 
systems through 2D laser cut confgurations that are simple to fabri-
cate. They leverage the properties of polyoxymethylene plastic and 
comprise a compliant spring structure that engages with a sliding 
profle during tangible interaction. By shaping the sliding profle, 
designers can easily customize the haptic force feedback delivered 
by the mechanism. We provide a computational design sandbox to 
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facilitate designers to explore and fabricate Shape-Haptics mecha-
nisms. We also propose a series of applications that demonstrate 
the utility of Shape-Haptics in creating and customizing haptics for 
diferent physical interfaces. 
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1 INTRODUCTION 
Haptics plays an important role in our interactions with physical 
interfaces and tools everyday. It is consequently a key consideration 
when designing physical interfaces. However, as identifed by many 
HCI researchers [19, 27, 30, 34], it is also challenging to design for 
haptics. As researchers working in the intersection of tangible 
interactions and industrial design, we are motivated to facilitate 
designing haptics for physical interfaces—and broaden their range 
of haptic expression. 

The haptics delivered by physical interfaces and tools are typi-
cally generated by passive (unpowered) mechanisms. These mech-
anisms deliver force feedback in response to tangible interaction. 
Despite the ubiquity of such mechanisms, they are challenging 
to design as they often comprise complicated 3D assemblies that 
couple force feedback with other functions. For example, a tactile 
push button’s mechanism supports opening and closing of electri-
cal contacts and delivers a “click” during interaction (Figure 2). In 
the current paradigm of designing and prototyping physical inter-
faces, we observed that the haptics of a physical input is often a 
by-product of the selected component (e.g. a push button, a knob); 
rather than an independent feature to consider. Furthermore, while 
the haptics of force feedback mechanisms can be characterized 
by their force-displacement (FD) curve; this curve is invisible dur-
ing the design process and is usually empirically evaluated with 
physical measurements after fabrication [16]. 

Push button

Slider (Plastic)

Helical spring (Metal)

Flat spring (Metal)

Detented Knobs

Flat spring (Metal)

Stationary disc (Metal)

Knob (Plastic)

Ball bearing (Metal)

Helical spring (Metal)

Figure 2: Illustrations of existing passive force-feedback mechanisms. 

1.1 Shaping Passive Force Feedback 
Through this research, we developed Shape-Haptics, a new approach 
that enables designers—in particular industrial designers—to rapidly 
author and fabricate passive force feedback mechanisms for physi-
cal interfaces. Shape-Haptics mechanisms abstracts and simplifes 
passive force feedback systems into two-dimensional confgura-
tions (Figure 1A, B, C). These mechanisms leverage the material 
properties of POM (polyoxymethylene plastic) sheets and are sim-
ple to laser cut. They are composed of a compliant spring structure 
that engages with a moving slider during interaction (much like 
plastic snap ft buckles). By shaping the slider’s edge profle, de-
signers can easily customize the haptic force feedback delivered 
by a Shape-Haptics mechanism—broadening and adding nuance 
to the haptics expressed by this class of mechanisms (Figure 1). 
To facilitate Shape-Haptics, we developed a computational design 

sandbox that enables designers to create and edit diferent force 
feedback mechanisms while providing real-time previews of their 
haptics by estimating their FD curves. 

We discuss the development of Shape-Haptics in this paper and 
ofer the following contributions to the design and fabrication of 
haptic physical interfaces: 

(1) We present the Shape-Haptics approach for designing and 
fabricating passive and planar force feedback mechanisms 
with linear and rotary movements. These mechanisms are 
easy to fabricate with a laser cutter and they deliver a broad 
range of haptic force feedback profles through simple cus-
tomization. 

(2) We share insights from our material exploration into design-
ing and fabricating compliant structures with POM, as well as 
data from characterizing these compliant structures through 
virtual material simulations and real world measurements. 

(3) We provide a computational design sandbox that enables 
designers to explore Shape-Haptics mechanisms while receiv-
ing real-time estimates of the corresponding FD curves. We 
discuss observations and insights about using this sandbox 
from pilot workshops with professional designers. 

(4) We propose a series of interactive demonstrations with Shape-
Haptics that showcase the potential applications of this ap-
proach for designing haptic physical interfaces. 

2 BACKGROUND & RELATED WORK 
Mechanisms that provide interactive haptic feedback can be broadly 
categorized into active and passive devices: active devices apply 
external energy to control haptic feedback during interaction, while 
passive (or unpowered) devices only dissipate mechanical energy 
applied by humans during interaction [10]. In this research, we 
focus on passive methods of delivering haptics. More specifcally 
we investigate passive haptics through force feedback [32, 35, 36]. 
In this section, we review the related work in HCI for designing 
passive force feedback mechanisms and highlight the important role 
of material investigation in such mechanisms. There is also a sizable 
body of research within HCI surrounding facilitating haptics design 
with authoring tools for active force feedback systems [30]. We 
discuss how these tools inspire Shape-Haptics and our development 
of exploration tools for passive haptic systems. 

2.1 Material-Driven Haptic Force Feedback 
Passive force feedback mechanisms essentially rely on the prop-
erties of physical materials to dissipate and redirect forces during 
interaction. For example, helical springs are structured to deliver 
reaction forces that oppose compression or tension, while rubber-
ized brake pads generate friction that dampens movement. Beyond 
these classical mechanisms, HCI researchers have proposed many 
creative ways of leveraging physical materials for passive force 
feedback. 

For example, researchers have demonstrated using magnets for 
passive force feedback in a tangible interface. These include plot-
ting patterns of varying polarities on a magnetic sheet to deliver 
variable force feedback [39–41], embedding magnets in 3D printed 
parts to prototype haptic physical inputs [42, 43], and creating hap-
tic textures by dragging magnets across laser cut terrain [38]. In 
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addition, researchers have demonstrated composing a haptic tex-
ture by confguring diferent magnets along a path and computing 
the resultant magnetic feld [21]. Besides magnets, HCI researchers 
have also demonstrated passive haptic mechanisms using other 
materials such as paper [2] and 3D printing on fabric [9]. 

The related work on physical materials and haptics reveal impor-
tant trade-ofs when designing passive haptic systems for physical 
interfaces. While passive material-driven haptic systems lack the 
on-the-fy reprogrammability of active haptic systems, they easily 
leverage digital fabrication processes such as 3D printing [9, 43], 
laser cutting [2], and physical crafting processes [40] to customize 
the haptic force feedback delivered. Material-driven haptic systems 
are thus appropriate in applications where the haptic feedback 
remains constant for a specifc interaction. They are also better 
suited to explore haptic force feedback that is embedded into a 
more complicated physical interface; as compared to bulkier and 
more complex active haptic systems (such as [5, 22]). In addition, 
exploring haptics via material-driven systems might be preferable 
or more approachable to certain communities (such as industrial 
designers); as opposed to exploring haptics via programming and 
electronics [29]. 

We propose a new design approach for material-driven haptic 
systems. Previous material systems ofer a discrete set of haptic 
building blocks (e.g. [2, 9, 40, 43]), or require 3D and multi-material 
assemblies (e.g. [21]). We demonstrate how Shape-Haptics supports 
the authoring of arbitrary haptic force feedback profles through 
shaping the 2D structure of laser cut POM sheets. 

2.1.1 Compliant Structures and Mechanisms. Compliant structures 
are physical structures that contain elastic regions that fex in 
response to an applied force. Complete mechanisms can be con-
structed out of compliant structures and they ofer certain advan-
tages over movable joints; including a reduction in part count, 
simpler fabrication and assembly processes, and reduced wear and 
tear [12]. HCI researchers have applied compliant structures to 
support fexible mounts and joints [24] or articulated mechanisms 
with laser cutting [15], as well as sensing structures for 3D printed 
physical inputs [26] or embedded springs in 3D printed parts [11]. 
We detail our fndings on designing and characterizing two types 
of compliant springs with laser cut POM that exhibits almost linear 
force-defection relationships. 

2.2 Quantifying Haptic Force Feedback 
Our perception of haptics during interaction is afected by a complex 
variety of factors, including cutaneous stimulation (e.g. mechanical 
vibrations on the skin) and kinesthetic forces (e.g. the weight of 
an object) [7]. HCI researchers have proposed a few methods of 
quantifying the latter. Among these methods, the FD curve is often 
used as a preliminary way of considering force feedback delivered 
by a mechanism that displaces with one degree of freedom (e.g. 
buttons and knobs) [6, 14, 16, 34, 36]. It is important to note that 
the FD curve does not comprehensively communicate all the haptic 
nuances of interacting with a physical input. For instance, static 
FD calculations do not capture changes due to diferent interaction 
velocities and they do not account for vibrations (cutaneous stimu-
lation) that participate in the haptics [16]. However, for designers 
unfamiliar with haptics, FD curves ofer an approachable way to 

consider the haptics of physical inputs; such as the “click” of a 
button [2, 14], or the stops along a knob’s rotation [37]. With this 
in mind, we adopt the FD curve in this work to approximate and 
communicate the haptics delivered by Shape-Haptics mechanisms. 

2.3 Authoring Haptic Force Feedback 
HCI researchers have developed tools for authoring haptic force 
feedback mechanisms supported by FD curves. Button simulators 
such as [6, 16, 17] ofer a physical button on a stage with active 
force feedback control. Diferent force displacement curves can be 
loaded into the simulator which then renders the corresponding 
haptic force feedback when the button is pressed. For rotational 
movements, Feelix enables designers to explore and edit the haptic 
force feedback of motor-driven rotary devices through their FD 
(angular displacement) curves [34]. We are inspired by these prior 
work and extend the concepts they present to passive force feedback 
mechanisms. 

Beside the specifc use of FD curves to facilitate haptic force 
feedback design, there are also broader guidelines to consider when 
developing a haptic authoring tool. [29, 34] succinctly captures and 
categorizes these guidelines, and we actively considered and in-
corporated these recommendations into the computational design 
sandbox developed for Shape-Haptics. These include supporting 
an iterative design process in exploring and refning haptic mech-
anisms [29, 32], simple set up [28], real-time visual previews to 
support debugging [28, 29, 31], as well as fexibility in software use 
[29]. 

3 SHAPE-HAPTICS: WORKING PRINCIPLE 

slider

deflected side spring

side spring at rest

edge profile

contact forcespring deflection

Figure 3: Shape-Haptics working principle: the slider’s edge profile engages with the side 
spring as it moves and delivers varying force feedback. 

Shape-Haptics draws inspiration from mechanisms used in ex-
isting physical inputs for passive force feedback. For example, me-
chanical key switches “click” when a spring brushes against a bump, 
while knobs “tick” when the spring moves between detents as it 
rotates (Figure 2). We extend the working principle of these ubiqui-
tous objects with Shape-Haptics and demonstrate the broader and 
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Figure 4: Double-sided profile test. The force-displacement data was captured via a FD measurement rig. 

more nuanced range of passive force feedback possible with this 
class of mechanisms. Shape-Haptics mechanisms rely on two key 
components: (A) a side spring in the form of a compliant structure 
and (B) a rigid slider with an edge profle that moves across the side 
spring (Figure 3). Shape-Haptics mechanisms deliver variable force 
feedback along its displacement by changing the side spring’s com-
pression (magnitude of force) as well as the contact angle between 
the side spring and edge profle (direction of force). In addition, the 
friction encountered by the sliding component afects the overall 
force feedback. 

Linear

Rotational

rotating disc rotating arc

single-sided double-sided sliding spring

Figure 5: Shape-Haptics fundamental configurations. 

3.1 Confgurations 
Shape-Haptics mechanisms are constrained to move along one de-
gree of freedom across its plane. With this in mind, we developed 
two fundamental confgurations (linear and rotation), as well as 
variations within each confguration (Figure 5). Furthermore, the 
planar structure of Shape-Haptics mechanisms enables two profles 
to be incorporated within one slider. These double-sided profles 
can be symmetrical to increase the overall magnitude of the force 
feedback; or, they can be asymmetrical to provide more detailed 
force feedback by adding the diferent forces that each profle de-
livers (for examples, refer to Figure 4F, G). For instance, designers 
might use an asymmetrical double-sided profle confguration to cir-
cumvent the fabrication resolution of the laser cutter, or to explore 
a more nuanced overall FD curve by manipulating two simpler 
profles (rather than designing one complicated profle). While we 
believe that there is potential for more complicated confgurations 

by extending the working principle (such as by stacking diferent 
planar movements to support movements in multiple degrees of 
freedom), we focus on the fundamental confgurations and their 
variations in this paper. 

Figure 4 shows diferent double-sided slider profles with a total 
displacement of 10mm moving against the same side springs. We 
fabricated these mechanisms and measured their corresponding FD 
curves with a custom force sensing rig (Figure 6). This rig consists 
of a Vernier force sensor coupled to a linear sliding potentiometer. 
These sensors were connected to a 16-bit analog-to-digital converter 
(ADS1115) read by a microcontroller (Adafruit Trinket M0). We laser 
cut and tested three samples for each profle. As demonstrated by 
these examples, editing the contours of the sliding profle changes 
the FD curves that these mechanisms deliver. We also demonstrate 
two asymmetrical double-sided profles that stagger the same profle 
(Figure 4 F vs. A) and mix two diferent profles (Figure 4 A+C=G). 

Linear potentiometer

Adafruit Trinket M0

Force measurement rig

Vernier force sensor
ADS1115

Slider rig Side spring rig Base spring rig

Figure 6: FD measurement rig. Force (N) is captured by a Vernier force sensor while dis-
placement (mm) is captured by a linear sliding potentiometer. 

4 MATERIAL INVESTIGATION: LASER 
CUTTING POM MECHANISMS 

Shape-Haptics makes use of fat and compliant spring structures 
to deliver force feedback during interaction. Such compliant struc-
tures enable us to reduce the number of parts in the mechanism and 
thus simplify its assembly, as well as construct the entire mecha-
nism from one material. Compliant structures should be fabricated 
with materials that have a high ratio of yield strength to tensile 
modulus [12]—meaning it should be able to withstand high loads 
while remaining fexible. We were interested in facilitating the 
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fabrication of these mechanisms with the laser cutter as it is a 
personal fabrication tool found in many maker spaces and design 
studios. However, common laser cut materials are not ideal for such 
compliant mechanisms, particularly at the scale of Shape-Haptics 
mechanisms (1.0–2.5mm wall thickness). For example, acrylic has 
signifcantly reduced tensile strength after laser cutting (~35MPa 
[20]) while plywood sheets exhibit anisotropic material strength 
depending on the direction of wood fbers. 

We were inspired by [1] and their work on laser cut compliant 
mechanisms with POM. POM (trade names include Delrin, Sustarin) 
is an engineering thermoplastic with high tensile strength (~67MPa 
[25]), low friction, and low wear, making it suitable for high im-
pact industrial and mechanical applications. For this research, we 
used 3mm thick Sustarin sheets [25] found at a local supplier and 
conducted our investigations on this specifc brand of POM. 

4.1 Laser Cutting POM 
Laser cutting POM sheets was more challenging than we antici-
pated; especially for small intricate cutting patterns found in com-
pliant structures (such as in Figure 9, 10). The fabricated parts have 
a tendency to fuse back to the sheet when the laser exits the mate-
rial. In addition, thin walls might warp if they are too close or cut 
in quick succession. From our material exploration, we arrived at a 
set of fabrication guidelines that we used for all subsequent laser 
cut POM parts. These guidelines are captured in Figure 7. 

POM sheet 1mm
Sacrificial sheet
Laser cutter bed

Raise POM so that it does not 
touch the bed during laser cutting 
to prevent back burn.

1mm minimum 
wall thickness

Laser cut settings

First Pass

Second Pass

3.4mm/s

3.4mm/s

Speed

7.8W

3.0W

Power

500Hz

500Hz

Frequency

Laser Cutter Model: Epilog Helix (30W)

Figure 7: Guidelines for laser cuting POM sheets. 

4.2 Side Spring Development and Testing 
The side spring is a key component in Shape-Haptics mechanisms 
that interacts with the slider to deliver variable force feedback. 
We took three design criteria into consideration when exploring 
compliant geometries for this spring: (1) The side spring should be 
as compact as possible relative to the rest of the mechanism. (2) The 
force it exerts should be predictably proportional to its defection 
(ideally linear) to facilitate computational design. (3) The spring 
should defect fully without warping. 

Figure 8 illustrates the diferent spring geometries we explored, 
along with annotations that indicate their diferent limitations. The 
fnal geometry we used behaves like a torsion spring. This spring’s 
defection occurs along the ring while the straight arm remains rigid 
(for arm thickness > ring thickness). This spring also demonstrates 
an almost linear relationship between force and defection (Figure 9). 
The tip of the spring was shaped with 45 degree slopes on either 

side to facilitate sliding across a rigid edge profle in both directions. 
We developed a parametric model for this side spring geometry and 
generated three versions of this side spring (Figure 9A) that ofer 
diferent spring coefcients for force feedback. These side springs 
have a maximum defection of 4mm and apply a maximum contact 
force between approximately 0.75N to 3N (Figure 9C). 

SELECTED

not compact
warps easily after deflection

non-linear elastic behavior

Figure 8: Side spring geometry exploration. 

4.3 Calculating Side Spring Coefcient 
We conducted FEA simulations as well as physical measurements 
to verify the spring’s force-defection behavior and quantify its 
spring coefcient. We used this data to support our development of 
the computational design sandbox for Shape-Haptics mechanisms 
(Section 5). 

We used a non-linear static stress study in Autodesk Fusion 360 
to simulate defecting the side spring and measured the reaction 
force at its tip (Figure 9B). We used the material specifcations 
of POM detailed in [25] and performed 16 studies across difer-
ent ring thickness values for side spring A, B, and C (Figure 9A). 
Measurements were taken at regular intervals along the spring’s 
displacement. Figure 9B displays the results from these simulations. 
A line of best ft was calculated for each study (with the intercept 
set to 0). Table 1 contains the slope of the best-ft lines (the spring 
coefcient). These best ft lines all had R2 values more than 0.99. 

These simulations provide insight into the relationship between 
the diferent geometric parameters of the side springs and their 
spring coefcient. However, they do not account for the loss of 
material integrity due to laser cutting [20]. We observed that the 
laser cut springs were weaker than the data reported from the FEA 
simulations. We therefore investigated the diference between sim-
ulated results and real-world measurements. We took a subset of 6 
side springs variations (out of the 16 we studied through FEA simu-
lation) and conducted real world force-defection measurements on 
these springs. We used the same rig (Figure 6) and measured three 
samples for each spring variation. With the physical measurements, 
we adjusted the simulation data with a multiplication factor to fnd 
the best ft for each physical test and its corresponding simulation 
data (Figure 9C). From this empirical study, we found an average 
multiplication factor of 0.57 (SD = 0.022) between the simulated 
data and physical measurements. We multiplied this factor to the 
slopes from the FEA simulation to derive a lookup table of spring 
coefcients for the side spring model (Table 1). 
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Figure 9: A: Parametric side spring model and the three variations we use for Shape-Haptics. B: FEA simulation results and best fit lines. C: Comparing and adjusting physical measurements 
to simulations results. 
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Figure 10: A: Parametric base spring model. B: FEA simulation results and best fit lines. C: Comparing and adjusting physical measurements to simulations results. 

4.4 Base Spring Development and Testing 
Besides the side spring, we also developed a secondary base spring 
for linear Shape-Haptics mechanisms. These base springs return 
the slider to its rest position (e.g. Figure 1A). We adopted the same 
criteria and process as the side spring to develop this base spring. We 
began by exploring diferent geometries and arrived at the design 
illustrated in Figure 10A. Essentially, this base spring behaves like 
a series of cantilevered beams that fex slightly under compression. 
Following the standard beam defection formula, the arm length, 
arm thickness, and material thickness are variables that infuence 
the spring coefcient. We then developed a parametric model of 
the base spring (Figure 10A) with these key parameters and ran 

FEA simulations on 15 variations of the spring (Figure 10B). Best ft 
lines were applied to this data to derive the slope/spring coefcient 
(the data was linear, R2 = 1 for all variations tested). We also took 
physical measurements of 5 base spring variations and compared it 
to the corresponding simulation data. From this comparison, we 
found an average multiplication factor of 0.49 (SD = 0.005) between 
the physical measurements and FEA data. This is slightly lower than 
the side spring factor (0.57) and we posit that it can be attributed to 
the more intricate base spring design, which exposes the material to 
a longer fabrication time in the laser cutter. Similarly, we multiplied 
this factor to the slopes from the FEA simulation to derive a lookup 
table of spring coefcients for the base spring model (Table 2). 
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Table 1: Slopes (spring coeficients) derived from FEA simulations of diferent side spring 
variations and their adjusted values afer physical measurements. 

Side Spring (T) FEA Slope (N/mm) Adjusted Slope (0.57x) 

A 1.0 0.23 0.13 
1.1 0.30 0.17 
1.2 0.39 0.22 
1.3 0.50 0.28 
1.4 0.61 0.35 
1.5 0.74 0.42 

B 1.6 0.53 0.30 
1.7 0.64 0.36 
1.8 0.75 0.43 
1.9 0.87 0.50 
2.0 1.01 0.58 

C 2.1 0.77 0.44 
2.2 0.89 0.51 
2.3 1.01 0.58 
2.4 1.15 0.65 
2.5 1.29 0.74 

Table 2: Slopes (spring coeficients) derived from FEA simulations of diferent base spring 
variations and their adjusted values afer physical measurements. 

(W) (T) (B) FEA Slope (N/mm) Adjusted Slope (0.49x) 

16.0 1.0 14.14 0.32 0.16 
1.2 13.75 0.55 0.27 
1.4 13.35 0.89 0.43 
1.6 12.96 1.33 0.65 
1.8 12.56 1.91 0.94 

20.0 1.0 18.11 0.16 0.08 
1.2 17.71 0.28 0.14 
1.4 17.32 0.44 0.22 
1.6 16.92 0.66 0.32 
1.8 16.52 0.95 0.47 

24.0 1.0 22.09 0.09 0.04 
1.2 21.69 0.16 0.08 
1.4 21.29 0.25 0.12 
1.6 20.90 0.38 0.18 
1.8 20.50 0.54 0.27 

Single-sided

Case (Acrylic)

Spacer (Paper)

Mechanism (POM)

Case (Acrylic)

Double-sided

Figure 11: Exploded views for single and double sided Shape-Haptics mechanisms sup-
ported by the sandbox. 
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5 DEVELOPING A COMPUTATIONAL DESIGN 
SANDBOX 

Equipped with the material and fabrication characteristics we un-
covered, we built a computational design sandbox for exploring and 
building Shape-Haptics mechanisms1. The sandbox supports the 
design and fabrication of hand-held Shape-Haptics swatches that 
move linearly (Figure 11). Designers can opt to design a single-sided 
mechanism (one edge profle on the slider) or a double-sided mech-
anism. These mechanisms are designed to be rapidly fabricated, 
assembled, and disassembled to facilitate design exploration. 

5.1 User Interface Design 
Edit Panel: Designers edit the sliding profle via two modes: create 
(Figure 12A) and import (Figure 12B). In create mode, profles are 
displayed as a polyline/spline defned by a series of segment points; 
similar to vector editing tools like Adobe Illustrator. Segment points 
can be added, removed, moved, and pulled to change the profle. In 
import mode, profle designs in the form of SVG fles can be loaded 
into the sandbox. This enables designers to use a digital design tool 
of their choice to construct these profles. For double-sided projects, 
there is an additional symmetrical mode to mirror the opposite 
profle. 

Parameters Panel: This panel (Figure 12C) enables designers to 
modify the geometric parameters of the mechanism. This includes 
important spring dimensions like thickness and width which afect 
the spring coefcient, as well as travel which afects the maximum 
displacement of the slider. 

FD Visualization Panel: This panel (Figure 12D) displays the 
estimated FD curves of the active project. There is also an option to 
toggle the visualization to display separated FD curves for the left 
and right profle in the case of an asymmetrical double-sided project. 
We elaborate on the FD visualization in the following section. 

Gallery: Multiple projects can be created in one session and 
these projects are stored in the gallery (Figure 12E). Gallery projects 
can be duplicated and worked on separately; such as when iterating 
and making small adjustments to a particular profle. The fabrica-
tion drawings for a project can be exported from the gallery in the 
form of an SVG fle for laser cutting. Designers can also save the 
entire gallery as a project archive fle—and load it back into the 
sandbox in the future. 

5.2 Estimating Force Feedback 
We developed an algorithm that estimates the FD curve of a Shape-
Haptics mechanism. This algorithm works in two phases: (1) fnding 
the point of contact between the side spring and the slider’s profle 
at a given displacement, followed by (2) estimating the forward and 
reverse force feedback generated. 

To fnd the point of contact, we frst abstract the side spring into 
a simplifed arm model (Figure 13A). The edge profle of the slider 
is isolated and shifted to the specifed displacement. The algorithm 
then employs a recursive approach of halving the defection angle 
of the arm, starting with the full defection region of the spring. 
The candidate that is closest to the profle without intersecting it 

1This sandbox was developed as a client-side web application and used the Paper.js 
library for 2D vector drawing and calculations. It can be accessed at https:// interactive-
materials.github.io/ shape-haptics. 

https://interactive-materials.github.io/shape-haptics
https://interactive-materials.github.io/shape-haptics
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Figure 12: Sandbox user interface. 
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Figure 13: A: Abstracted side spring model comprising an arm that rotates about a pivot point. B: Flow diagram for algorithm to find contact point between side spring and sliding profile. 
C: Flow diagram for estimating reaction force at a particular displacement. 

is shortlisted, and the process is repeated till the closest point is 
within a specifed distance from the profle (we use 0.005mm in the 
sandbox). The algorithm then returns the defection angle of the 
arm and closest point on the profle for the next step. Figure 13B 
illustrates this phase. 

With the contact point established, the next phase of the algo-
rithm calculates the normal and tangent vectors on the profle at the 
point of contact. It then retrieves the spring coefcients from the 
lookup table (Table 1, 2) and follows the steps below to estimate the 
forward and reverse force feedback at the specifed displacement. 
This estimation employs a static free body diagram of a linear mech-
anism as illustrated by Figure 13C. The force feedback is indicated 
by FR (the reaction force at the top of the slider). 

(1) Calculate FS (spring force) by taking the product of the side 
spring’s defection and the spring coefcient. 

(2) Project FS onto the normal of the contact point along the 
sliding profle to get FP (the force acting on profle). 

(3) Calculate FF r ict ion : product of FP and material’s friction 
coefcient. We used POM’s dynamic friction coefcient value 
of 0.21 [25]. 

(4) Sum the vertical components of FP and FF r ict ion to get FR . 
When the movement of the slider is reversed, friction acts 
in the opposite direction. This results in a diferent FR . 

(5) Calculate the base spring force FB (product of the base spring 
coefcient with the magnitude of displacement) and add it 
to FR . 

By calculating FR at regular displacement intervals, we can in-
terpolate the points and estimate the FD curve for a given slider 
profle. FR = 0 if no contact is made and a warning is issued if the 
contact point exceeds the side spring’s maximum defection. 

5.3 Visualizing and Interacting with the FD 
Curve 

The force feedback algorithm runs as a co-routine in the sandbox 
and iteratively estimates the force feedback at diferent displace-
ments across the full travel distance of the slider. The arrays of 
FD values for both forward and reverse directions are interpolated 
into two FD curves and displayed as a line chart in the sandbox. 
These curves are updated whenever the profles are edited to pro-
vide designers with real time estimates of the resulting haptic force 
feedback. 
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Figure 14: Comparison of FD estimations to physical measurements. Top, A–G: Comparing estimated FD curve to physical measurements (Figure 4). Botom A2–C2: Base spring included 
in both physical measurements and estimation. 

We added a range slider in the UI to give this information more 
interactivity (Figure 15A). Pulling the range slider will move the 
mechanism accordingly in the sandbox and displays how the sliding 
profle interacts with the springs at a specifc displacement. The 
corresponding point on the FD curve is also highlighted. The FD 
curves of other projects in the gallery can also be selected and over-
laid onto the curves for the active project (Figure 15B). This enables 
designers to compare the haptic force feedback of diferent mecha-
nisms via the estimated FD data; for instance, when incrementally 
editing a certain profle shape. 
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Figure 15: A: Range slider interaction, moving the slider moves the mechanism and high-
lights the corresponding point in the FD visualization. B: Overlaying FD curves for com-
parison. 

5.4 Comparing Estimated FD Curves and 
Physical Measurements 

We compared the estimated FD curves generated by the sandbox 
(Figure 14) to the same seven profles and their physical FD mea-
surements (Figure 4) to evaluate its predictive capability. In addition, 
we compared three of the profles with the base spring included 
(Figure 14 A2, B2, C2). We overlaid the estimated FD curves for 
downwards and upwards movements onto data from the physical 
measurements. 

Qualitatively, the estimated FD curves matched the overall shape 
of the physical measurements. Peaks and valleys lined up between 
both sets of data and the estimated curves captured the same trends 
as the physical measurements (i.e. how the gradient of the curve 
varies over displacement). The two main discrepancies we observed 
can be described as gradient diferences between an estimated 
slope and the measured slope, as well as parallel ofsets in mea-
sured values. We hypothesize that these diferences are caused by 
inaccuracies due to fabrication and assembly tolerances; such as an 
inconsistent laser cut kerf and the slider shifting horizontally while 
moving vertically during physical measurements. These diferences 
might also be due to dynamics that our estimation method cannot 
account for (such as the considerations put forth by [16] and fric-
tional inconsistencies due to material and fabrication variations). 

We found the estimated FD curves helpful in providing a frst 
layer of information about the force feedback delivered by Shape-
Haptics mechanisms during the digital design process; before com-
mitting to fabricating the part. Throughout this research, we used 
the sandbox to explore and get a sense of the haptics ofered by 
diferent profles, especially when we were developing the diferent 
application examples (Section 7). 
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Figure 16: Outcomes from the pilot workshop. Lef: Fabricated outcomes. Right: Shortlisted mechanisms and their corresponding FD curves. 

6 PILOT DESIGN WORKSHOP 
Besides our internal use, we piloted the sandbox with four profes-
sional industrial designers to assess its usability—and more impor-
tantly, how they might use it to explore and design haptic force 
feedback. All participants were involved in designing tangible in-
teractive systems as part of their work (Table 3). 

Table 3: Workshop participants. 

Professional 
Experience 

Design Area 

D1 (female) 

D2 (male) 

D3 (male) 

D4 (male) 

2 years 

4 years 

5 years 

4 years 

Mixed reality medical simulators 
Physical medical simulators, medical 
devices 
Tangible interfaces, mixed reality 
interfaces 
Physical rehabilitation devices, 
tangible interfaces 

6.1 Workshop structure 
The in-person workshop was conducted individually for each par-
ticipant. In the frst session, we provided physical demonstrations 
for participants to try and also walked them through the sand-
box’s user interface and features. Participants were then tasked to 
design Shape-Haptics mechanisms via the sandbox and shortlist 
fve designs to fabricate. To enable comparison across participants, 
we constrained their exploration to double-sided mechanisms as 
well as the same set of geometric parameters (Figure 12C). Partic-
ipants were given a maximum of four days to complete the task 
(to respect their work schedule). We then fabricated their designs2 

and conducted a semi-structured interview with them about their 
design process. In the interview, we asked them to recount their 
design process, as well as compare the fabricated samples to their 
expectations during digital design with the sandbox. 
2We fabricated the workshop outcomes (rather than have participants fabricate them) 
in view of the safe management measures in place at our university due to the COVID-
19 pandemic. 

6.2 Findings 
(We refer to specifc task outcomes by their letter label in Figure 16.) 

6.2.1 Outcomes. All participants completed the task and the out-
comes are shown in Figure 16. Out of the 20 designs, one design 
(J) could not be fabricated with the laser cutter as it had geometric 
features which were too thin. Checking for fabrication feasibility 
is a feature we intend to incorporate into future versions of the 
sandbox. 

6.2.2 Approaches. Participants tackled the open-ended task in a 
few diferent ways. D1 and D3 adopted a systematic approach; 
making incremental changes to the profle and observing the efect 
on the resultant FD curve. For instance, D3 started with a sawtooth 
pattern (K) which he called a “control” and made variations to that 
pattern; like doubling the frequency on one side (M) or rounding 
the teeth (N). D2 wanted to “push the limits” of the Shape-Haptics 
system and designed profles that had compliant features as well (G, 
H). While the current FD curve estimation is not able to account for 
compliant-compliant interactions, this inspires further work. D4 
contextualized the task and explored haptics for Nerf toy blasters— 
his personal hobby. 

6.2.3 Drawing with external tools. D2 and D3 designed their pro-
fles in Adobe Illustrator and imported them into the sandbox. This 
feature was important to both of them and they mentioned that 
they preferred using a tool they were familiar with and had “more 
control” over. This fexibility enabled D2 to produce complicated 
profles (e.g. H and J). 

6.2.4 Visual-centric haptics design. D1, D3, and D4 made associa-
tions between the visual shape of the profle and the haptics they 
expect it will deliver. D4 described how he took a literal approach 
and designed the haptics for a trigger to visually resemble the shape 
of a trigger (P). D1 and D3 both discussed their intuition that curved 
profles will have more “gentle” FD curves while sharp profles will 
have “sudden turns” in the FD curve. Shape-Haptics mechanisms are 
visually obvious and support our participants to consider haptics 
from the appearance (shape) of the profle. However, it is important 
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to highlight that “what you see” is not “what you get” in terms of 
haptics—as evident in the estimated FD curves. Beyond the visual 
design of the profle, this pilot reveals the importance of facilitating 
haptic design via other modes which we discuss in the next few 
points. 

6.2.5 Range slider interaction. The range slider (Figure 15A) was 
highlighted by all participants as an essential interactive feature. 
D1 noted that the range slider “let’s me imagine how it might 
feel like when it is moved across a profle.” D2 and D4 described 
how it supported their understanding of the FD visualization by 
comparing how the side spring interacts with a particular feature 
along the sliding profle with the corresponding point on the FD 
curve. Both D2 and D4 would adjust their profle designs to position 
haptic “features” along its displacement. For example, D4 adjusted 
the bumps along the profles (P, Q, T) so that they encounter the 
side spring “further down in the interaction [displacement]”. 

6.2.6 Reading FD curves. Participants made use of the FD visualiza-
tion to diferent extents. D4 did not fnd the visualization helpful as 
he was unfamiliar with the concept. D1 and D3 mainly considered 
the amplitude of the FD curve. For instance, D1 will adjust a profle 
to maximize the peak force of the FD curve. The FD curves were 
helpful in challenging assumptions that participants had about hap-
tic force feedback. D3 was surprised that the curved pattern (N) had 
a higher and more sustained peak value than the sharp pattern (K). 
D3 also made use of the compare feature (Figure 15B) to compare 
the FD curves between diferent designs, particularly against his 
“control” (K). Among the participants, D2 made the most use of the 
FD curves during his design process. For example, D2 had a goal 
of creating “fat regions” in the FD curve (i.e. regions of constant 
force) for profles F and G. D2 described how he iteratively edited 
a profle while monitoring how the FD curve updates to achieve 
these constant force regions. 

6.2.7 Comparing physical mechanisms to FD curves. Interacting 
with the fabricated outcomes was the highlight of the workshop for 
our participants. Comparing the FD visualization to the physical 
outcomes, D1 noticed that she was “less sensitive” than she antici-
pated. In C for instance, she reported that the bumps did not feel 
like they were increasing in intensity. D3 noted that the FD curves 
for M versus K and O versus N did correspond to the haptic feed-
back provided by the fabricated objects—the asymmetrical profles 
were “dirty”, while the symmetrical profles provided a “cleaner” 
haptic feedback. D3 also noted that the sharper profle K was more 
“crisp” compared to rounded profle N which felt more “blunt”. D2 
highlighted the importance of an iterative approach between digital 
design and physical fabrication for haptics design with the sandbox. 
D2 remarked that in a typical design process he would fabricate the 
object immediately after designing it and incrementally build his 
understanding of the design. For instance, after interacting with 
the fabricated outcomes, D2 noticed that fabricated mechanisms 
get stuck (i.e. stay in place midway instead of returning to their 
original position) at displacements where the visualized FD curve 
dips below zero. With that new knowledge, D2 mentioned that he 
will account for it the next time he uses the sandbox. 

6.2.8 Lowering the floor for haptic force feedback design. Through 
the interviews, all participants mentioned that haptics was often 

a secondary—or even arbitrary—consideration when they design 
physical interfaces. They mentioned that the sandbox was help-
ful in supporting inexperienced designers to explore passive force 
feedback mechanisms through Shape-Haptics. The observations 
from the pilot and the design processes that participants engaged 
in afrm the guidelines for haptic force feedback design tools pro-
posed by [34]. Specifcally, the sandbox’s import feature along with 
the built-in editor supported tool fexibility, while the range slider 
and FD visualization enabled visual previews to support a more 
systematic way to debug haptics. 

6.2.9 Further studies and features. There are certainly more stud-
ies to be conducted to understand how we might further develop 
Shape-Haptics; for instance, we are interested to study how indus-
trial designers use Shape-Haptics to design an entirely new object. 
This pilot also inspired us to think of how the sandbox can better 
support in navigating haptic force feedback via the FD curve. For in-
stance, we can provide additional visual feedback on the FD curves 
that indicate just-noticeable-diference thresholds for human force 
perception [8, 23, 33]. The sandbox can also be improved to enable 
bidirectional editing (i.e. authoring the FD curve and computing 
the resulting physical profle) to support designers to hone in on a 
target FD curve while exploring the physical shape of the physical 
profle. 

7 APPLICATIONS 
We built three types of interactive applications to showcase the 
breadth of the Shape-Haptics approach and demonstrate how in-
dustrial designers might use Shape-Haptics for designing physical 
interactive experiences. 

7.1 Haptic Attachments 
Digital fabrication is capable of rapidly prototyping bespoke phys-
ical parts on demand; and it can support designers to customize 
attachments that adapt the use existing objects and interfaces [3]. 
Shape-Haptics mechanisms are planar and can be easily incorpo-
rated into existing objects to change their interaction haptics. We 
fabricated and applied such haptic attachment in three contexts: 

7.1.1 For Everyday Objects. We modifed the haptic force feedback 
delivered by a pair of pliers and a pump bottle (Figure 17). The 
attachments leverage the existing spring in these objects. In the case 
of the pliers, we designed a mechanism that delivers a satisfying 
“click” right before it completely closes (Figure 17B), and another 
mechanism that delivers a directional haptic texture that is bumpy 
when squeezed and smoother on release (Figure 17C). In the case of 
the pump bottle, we explored using haptic attachments to provide 
a person with feedback about the amount they have pressed. The 
frst mechanism delivers four distinct steps (Figure 17E) while the 
second mechanism delivers an obvious mid point (Figure 17F) when 
the pump is pressed. Besides augmenting the everyday objects in 
their existing context of use, such attachments can also be used as 
haptic proxies to augment interactions in a virtual environment. 
In addition they can be used as a brainstorming tool for product 
design; e.g. using the pliers + haptic attachment to explore haptic 
feedback for products with handles and levers like machine controls 
and surgical equipment. 



CHI ’22, April 29-May 5, 2022, New Orleans, LA, USA Zheng, et al. 

A DB EC F

Figure 17: A, B, C: Pliers + haptic atachment and their corresponding FD curves. D, E, F: Pump botle + haptic atachment and their corresponding FD curves. 
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Figure 18: A1–4: Changing the sliding profile to modify haptics. B: Controller augmented with a midpoint “click”. C: Controller augmented with a grating texture. 
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Figure 19: A: Of-the-shelf electronic knob and slider. B: Haptic atachments for knob and slider. C, D, E, F: Diferent sliding profiles and their corresponding FD curves. 

7.1.2 For VR controllers. Physical haptics improves the immersive 
experience and efectiveness of tools and objects in virtual reality 
[4, 13]. We developed a haptic attachment system for the Vive 
VR controller that enables designers to modify the haptics of the 
analog trigger. This system makes it easy to swap between diferent 
Shape-Haptics profles (Figure 18A1–4); modifying the haptic force 
feedback of pulling the trigger. We fabricated two examples: a 
profle that delivers a “click” when the trigger is pressed halfway, 
and a profle with uniform bumps that delivers a grating texture. 

7.1.3 For electronic inputs. Electronic input components such as 
push buttons, knobs (rotational potentiometers), and sliders (lin-
ear potentiometers) are typically used with a physical computing 
platform (e.g. Arduino, Raspberry Pi) to build physical interfaces. 
These input components conveniently instrument an interface with 
sensing functionality, but they also ofer limited haptic feedback. 
We developed a variety of haptic attachments for an of-the-shelf 
knob and slider (Figure 19B). By default, these components provide 
a constant frictional resistance when turned and pushed. For the 
knob, we fabricated a ratcheting profle that delivers diferent force 
feedback when rotated in diferent directions (Figure 19C), as well 
as a notched profle that snaps at four locations along the knob’s 

rotation (Figure 19D). For the slider, we fabricated a profle with 
indents arranged with increasing frequency (Figure 19E), as well as 
a wave-like profle that “pulses” along its travel path (Figure 19F). 

7.2 Mechanical Key Tester 
In this example, we devised a setup for mechanical keyboard en-
thusiasts to explore diferent haptic profles for computer keys. We 
constructed a rig with three linear Shape-Haptics mechanisms pre-
sented as keys (Figure 20A). Sliders with diferent profles can be 
swapped into this rig to deliver diferent force-feedback profles. 
We also modifed the basic Shape-Haptics mechanism to include a 
copper tape contact switch which closes when the button is pressed. 
We were inspired by the button experiments conducted in [16] and 
designed the switch so that its actuation point can be easily adjusted 
by shifting the location of its copper tape contacts. This could be 
used to evaluate the efcacy of a button for performing a task that 
is dependent on reaction time, such as in video gaming. 

7.3 Alternative Game Controller 
We developed Switchblade—a video game with a bespoke physical 
controller designed with Shape-Haptics. Switchblade is a rhythm 
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Figure 20: A: Three diferent haptic keys. B: Interacting with a key. C: Copper tape circuit with varying actuation points. 
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Figure 21: Switchblade game controller with swappable inputs. 

game where the player controls a swordsperson. The game con-
troller comprises one socket and the player has to switch between 
four diferent blades to match the color of the virtual enemies on 
screen. The physical blades have diferent sliding profles as well as 
travel displacements; and pressing each of them provides diferent 
haptic feedback. We designed the force feedback of each blade to 
match the semantics of the in-game action—for example a quick 
draw sword delivers a “swooping” haptic profle (Figure 21A), a 
heavy sword requires a harder two-step push (Figure 21C), and a 
set of twin daggers that slice rapidly delivers “jagged” force feed-
back (Figure 21D). The swappable inputs are read by the controller 
via a simple computer vision script that detects the blade’s color. 
Through Switchblade, we demonstrate a novel input system with 
interchangeable haptic force feedback with simple passive parts. 

8 LIMITATIONS & OPPORTUNITIES 

8.1 Limitations 
8.1.1 Laser cuting. Laser cutting is a rapid prototyping process 
capable of fabricating intricate 2D patterns; and it is central to 
Shape-Haptics. However, laser cutters produce parts with a margin 
of dimensional error due to potential inconsistencies in the laser 
cut kerf and surface irregularities along the laser cut edge. These 
introduce inconsistent friction into the mechanisms. To manage 
these fabrication limitations, we ensure that a part’s geometric 
details are well within the laser cutter’s tolerance (Figure 7). We 
also visually inspect parts to check for obvious blemishes along the 
laser cut edges which are removed with manual fling. 

8.1.2 Force feedback range. For this paper, we focused on mecha-
nisms that deliver light force feedback in the range of 0–5N. This is 
typically associated with haptics for hands/fngers. This is largely 
due to the specifc material (3mm thick POM sheets) and fabri-
cation process (laser cutting) we adopted. Future work includes 

extending the concepts presented in this paper to other materials 
and fabrication processes, such as thicker POM sheets or metal, to 
accommodate heavier force feedback. 

8.1.3 Movement types. We focused on one-dimensional linear and 
rotary mechanisms in this paper; a subset of movement types for 
physical interfaces [18]. While we demonstrate that these simple 
movements can be extended and applied to a variety of applications 
(such as using a linear mechanism to activate the angular trigger 
movement of a VR controller, Figure 18), there is an opportunity 
extend the simple mechanisms described here and explore more 
complex passive force feedback mechanisms that move diferently 
or with multiple degrees of freedom. 

8.1.4 Haptic force feedback estimation. The estimated FD curve is 
a frst—albeit rudimentary—step to explain the haptics delivered by 
passive force feedback systems. It does not capture other factors that 
contribute to haptics, such as vibrations and interaction velocity 
[16]. The FD estimates provided by the sandbox aim to provide 
an initial layer of information to facilitate designing mechanisms 
that will ultimately be fabricated and experienced physically. With 
that in mind, there is an opportunity to incorporate the concepts 
presented by [16] to provide more nuanced FD estimations during 
the digital design process. 

8.2 Opportunities 
8.2.1 Passive physical tuning. When assembling the plier + haptic 
attachment (Figure 17), we noticed that loosening the screws on 
the side spring introduces “play” during interaction—vibrations 
in the part alongside the spring’s compression. These movements 
happen along with the compression and release of the side spring 
and results in more nuanced haptic feedback. Anecdotally, the 
research team felt that the system with more play had a sharper 
“click” compared to the tighter system. This inspires us to look into 
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tuning as simple means of modifying the passive force feedback 
of a fabricated mechanism (akin to tuning the strings of a musical 
instrument). 

8.2.2 Compliant on compliant systems. Shape-Haptics mechanisms 
comprise a compliant side spring that engages with a rigid slider 
to deliver force feedback. During our pilot however, D2 raised the 
possibility of incorporating compliant structures into the sliding 
profle for more complex haptic force feedback (Figure 16H). We 
believe this will further expand the range of haptic expressions 
with such mechanisms—and plan to explore them in future work. 

9 CONCLUSION 
This paper traces our research into designing haptics for physical 
interfaces through passive force feedback mechanisms. We took 
multiple lines of inquiry in this work, including exploring materials 
and digital fabrication, computational design, designer studies, and 
building interactive demonstrations. Through this process, we pro-
vided data and insight into laser cutting compliant spring structures 
with POM. We also proposed a simple and efcient way to estimate 
the force-displacement curves of Shape-Haptics mechanisms and de-
veloped a computational design sandbox to facilitate exploring and 
fabricating these mechanisms. Through the variety of haptic mech-
anisms we created and tested in our material exploration, as well 
as from the workshop outcomes, we see potential in Shape-Haptics 
as a design approach for supporting a wide range of passive haptic 
expressions. Professional designers who participated in the work-
shops were able to jump into the Shape-Haptics sandbox quickly 
and explore haptic force feedback with it. These initial fndings 
echo [29, 30, 34] and highlight the importance of such platforms 
for lowering the foors to enable more people to engage with haptic 
design. Furthermore, with the application examples we showcase 
how designers can extend Shape-Haptics to build haptic physical 
interactions that cater to diferent design scenarios. 

We hope that these contributions, in part, will inspire HCI re-
searchers working in the areas of materials, fabrication, and design-
ing tangible interactions. And as a whole, we hope to ofer a new 
perspective on how passive haptics can be explored, designed, and 
built for both new—and existing—physical interfaces. 
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