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Abstract 
As computing has become ubiquitous, transitioning from desktops to mobile devices to wearables, 

our environments have been augmented with a myriad of sensors (e.g., your home may have 

dozens of sensors). However, the proliferation of actuators - devices capable of creating physical 

motion or haptic effects - has lagged behind (how many does your home have?). This is due to a 

key challenge facing haptic devices: high power consumption. Unlike sensors, which can often 

operate on just microwatts, actuators require orders of magnitude more power, making it 

impractical to densely instrument entire environments with them due to battery maintenance. This 

power constraint has hindered the realization of ubiquitous actuation: the seamless integration of 

actuated and haptic devices at scale. 

To overcome this challenge, we propose engineering actuator architectures and working 

principles with scale in mind from the start. Notably, we do not add batteries to the environment; 

instead, we place them on the user to power wearable actuators. These actuators enable scale since 

they are one-to-many: one wearable actuator can add actuation to many otherwise passive objects 

and surfaces, transforming them into interactive devices. We apply these principles to present a 

series of actuators to achieve vibration, friction, and thermal feedback at scale. Along the way, we 

interrogate and circumvent the limitations of traditional actuators through new materials (e.g., soft 

and stretchable magnets) and working principles (e.g., microfluidics). Finally, we demonstrate a 

generalizable approach to actuation at scale through a wearable wireless power transmitter that 

powers battery-free devices during interaction. Our approach offers a lens into the future in which 

even any seemingly passive object or surface can respond through actuation, without the 

constraints that have typically limited actuation at scale. 
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Introduction 
This chapter introduces the motivation behind ubiquitous actuation, our targeted approach to 

realize it, and the core contributions of this dissertation. 

Ubiquitous Computing is Missing Actuation 

Computing has become ubiquitous, transitioning from desktops to mobile devices to wearables, 

steadily realizing Weiser's vision of computation seamlessly integrated into everyday 

environments [270]. This evolution has enabled environments densely instrumented with 

sensors—a modern home may contain dozens of sensors monitoring everything from occupancy 

to temperature to air quality to even touch. However, the proliferation of actuators—devices 

capable of creating physical motion or haptic effects—has lagged significantly behind. This 

disparity is striking: while a smart home might contain numerous sensors [301], it typically 

contains very few actuators for providing physical feedback to users. 

This asymmetry between sensing and actuation stems from a fundamental challenge: 

power consumption. Unlike sensors, which can often operate on just microwatts of power, 

actuators require orders of magnitude more energy [251]. A typical capacitive touch sensor might 

consume mere microwatts, while even a small vibration motor requires tens of milliwatts to watts 

of power [249]. This power gap makes it impractical to densely instrument environments with 

actuators; the burden of maintaining batteries or power connections becomes inconvenient at scale. 

The implications of this power constraint extend beyond mere technical limitations—they 

fundamentally restrict the realization of truly interactive environments. While we can detect user 

interactions virtually anywhere through distributed sensing, our ability to provide physical 

feedback remains confined to specific locations where power is readily available. This limitation 
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has created an experiential asymmetry in ubiquitous computing: environments that can sense 

extensively but respond physically only sparingly. 

Previous approaches to this challenge have largely focused on reducing actuator power 

consumption or developing more efficient power delivery systems [105]. However, these efforts, 

while valuable, do not address the core scalability challenge. The fundamental issue persists: as 

the number of actuated devices in an environment increases, the complexity and maintenance 

burden of powering them grows unsustainably. This leads to a practical ceiling on the density of 

actuated interfaces we can deploy, limiting the broader vision of ubiquitous computing where any 

surface or object can potentially provide physical feedback. 

This constraint has particularly stunted haptic interfaces, which rely on actuation to create 

physical sensations. While visual and auditory feedback can be provided through centralized 

displays and speakers, haptic feedback inherently requires actuators at the point of interaction. 

This locality requirement, combined with the power challenge, has made ubiquitous haptic 

feedback especially difficult to achieve. The result is that while our environments have become 

increasingly responsive in terms of visual and auditory feedback, they remain largely "static" in 

terms of physical interaction. 

Addressing this fundamental challenge requires rethinking not just how we power actuators, 

but how we architect systems for ubiquitous actuation. Rather incrementally improving existing 

approaches, we need new paradigms that fundamentally change the relationship between power 

sources and actuators in ubiquitous computing environments. This dissertation presents such a 

shift, proposing and validating new approaches to enabling haptics and actuation at scale. 
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Our Approach: User-Worn Power for Environmental Actuation 

To overcome the power challenge that has limited actuation at scale, we propose engineering 

actuator architectures and working principles with scale in mind from the start. Notably, we do not 

add batteries to the environment; instead, we place them on the user to power wearable actuators. 

These actuators enable scale since they are one-to-many: one wearable actuator can add actuation 

to many otherwise passive objects and surfaces, transforming them into interactive devices. 

This enables new possibilities for ubiquitous actuation. By moving the power source (and 

associated electronics) to a wearable form factor, we can (1) design passive elements in the 

environment that actuate only when the user interacts with them (as in MagnetIO and Power-On-

Touch) or (2) overlay virtual sensations on top of passive surfaces and objects in the environment 

(as in Stick&Slip and ThermalGrasp). This circumvents the challenge of deploying actuated 

interfaces: rather than maintaining hundreds of battery-powered devices, we maintain only the 

user-worn components while allowing the environmental elements to remain entirely passive. 

We validate this approach through four distinct technical implementations over the next four 

chapters, each exploring a different modality of haptic feedback: (1) vibration, (2) friction, (3) 

temperature, and (4) a generalized approach to power. 

Vibration: MagnetIO 

First, MagnetIO (Chapter 2) demonstrates this principle through vibrotactile feedback. By wearing 

a battery-powered electromagnetic coil on their fingernail, users can energize passive magnetic 

patches placed throughout their environment, causing them to vibrate on touch. The patches 

themselves require no power source or electronics yet provide localized haptic feedback 

comparable to traditional vibration motors. 
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Friction: Stick&Slip 

Second, Stick&Slip (Chapter 3) extends this approach to friction modulation. Rather than 

instrumenting surfaces with electrostatic or ultrasonic actuators, we use a wearable device to 

dispense engineered liquids that temporarily modify surface friction. This enables friction-based 

haptic effects on virtually any non-absorbent surface without requiring power at the point of 

interaction. 

Temperature: ThermalGrasp 

Third, ThermalGrasp (Chapter 4) applies this principle to thermal feedback. Instead of distributing 

powered Peltier elements throughout the environment, it places them in wearable locations and 

uses flexible thermal conductors to transfer temperature changes to points of interaction. This 

enables thermal sensations while preserving natural interaction with physical objects. 

Power: Power-on-Touch 

Finally, Power-on-Touch (Chapter 5) generalizes this approach beyond specific haptic modalities. 

By wearing inductive power transmission coils, users can wirelessly power any compatible device 

during interaction. This demonstrates how the principle of user-worn power sources can extend 

beyond haptics to enable general actuation at scale. 

Contributions 

This dissertation advances the field of ubiquitous computing by proposing and validating a new 

architectural approach to enabling actuation at scale. Rather than placing batteries throughout the 

environment, our approach moves the power source to wearable devices that can actuate multiple 

passive elements in the environment. Our key contributions are: 
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1. An architectural shift in how we power ubiquitous actuators. We demonstrate that by 

placing power sources on users rather than in the environment, we can enable scalable 

actuation while minimizing maintenance burden. This is validated through four distinct 

technical implementations. 

2. Novel techniques for enabling specific haptic modalities at scale: 

a. A method for creating passive yet interactive vibrotactile patches using soft 

magnetic materials (MagnetIO) 

b. An approach to friction modulation using engineered liquid coatings (Stick&Slip) 

c. A technique for providing thermal feedback while preserving natural interaction by 

redirecting heat through flexible conductors (ThermalGrasp) 

3. A generalized approach to power transfer during interaction (Power-on-Touch) that 

extends beyond haptics to enable battery-free operation of both sensors and actuators in 

ubiquitous environments. 

4. Technical evaluations and user studies demonstrate that our approach can effectively 

deliver haptic sensations while being practical to deploy at scale. Our results show that 

moving power sources to wearables can enable rich interactions without compromising 

user experience. 

Through these contributions, this dissertation provides a foundation for researchers and 

practitioners to create environments with ubiquitous actuation, advancing us closer to truly 

interactive ubiquitous computing. To facilitate this, we have open-sourced our hardware and code 

for others to build upon at: lab.plopes.org 
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MagnetIO: Passive yet Interactive Soft Haptic Patches 
Anywhere 

 

Figure 1. (a) We propose a new type of haptic actuator, which we call MagnetIO, that is comprised of two parts: any 

number of soft interactive patches that can be applied anywhere and one battery-powered voice-coil worn on the 

user’s fingernail. (b) When the fingernail-worn device contacts any of the interactive patches it detects its magnetic 

signature and (c) makes the patch vibrate. (d) To allow these otherwise passive patches to vibrate, we make them 

from silicone with regions doped with neodymium powder, resulting in soft and stretchable magnets. (e) This novel 

decoupling of traditional vibration motors allows users to add interactive patches to their surroundings by attaching 

them to walls, objects or even other devices or appliances without instrumenting the object with electronics. Photos 

taken by author unless otherwise stated. 

In this chapter, we propose a new type of haptic actuator, which we call MagnetIO [151], that 

demonstrates vibrotactile haptics at scale. 

Introduction  

Today’s interactive devices increasingly instrument every kind of surface, effectively adding 

interactive functionality even to passive everyday objects such as walls, tables, and rapidly 

prototyped objects [56, 138, 273, 302, 303], as well as to the user’s body [168, 170, 269]. To 

enable sensing these interactions, researchers engineered conformable/stretchable sensing devices 

so that these can comfortably fit around non-planar surfaces, which is the case for everyday objects 

or the human body. This led to a mature field of on-body or on-object sensing technologies that 

are easy to deploy and ideal for prototyping or enabling interactions in ubiquitous settings.  
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However, the converse is not the case, while sensing can be done in a distributed fashion 

around the user and in conformable form-factor, the same is not true for actuation. Researchers 

are still looking for techniques that allow deploying large numbers of actuators without the 

constraints of power delivery to every single individual actuator, wireless communication across 

all actuators, microcontrollers, etc. As a result, while we have a range of interactive techniques to 

deploy sensing “patch”-like devices everywhere, these patches typically do not exhibit any form 

of haptic response, i.e., they can sense the user’s touch (e.g., to turn on/off the user’s home-alarm) 

but they cannot vibrate in response to that touch (e.g., to indicate the alarm is on/off), not at least, 

without requiring vibration motors or other haptic actuators, which in turn require batteries and 

circuitry. Ultimately, all these dramatically limit the ubiquitous application of these interactive 

patch-like devices.  

In this paper, we engineered and explored a new alternative for adding haptic feedback to 

everyday surfaces, which is depicted in Figure 1 (Note: photos in this dissertation were taken by 

the author unless otherwise stated). Our approach, which we call MagnetIO, introduces a new type 

of haptic actuator that is passive (i.e., requires no electronics, no battery, etc.) until the user’s 

finger, which is instrumented with a wearable voice-coil, touches it, causing it to vibrate. 

Our Approach: MagnetIO 

MagnetIO is composed of many passive interactive patches and one nail-worn device, which 

features a miniaturized and custom-engineered voice-coil, inertial measurement unit (IMU), 

battery, microcontroller and wireless. MagnetIO’s complete voice-coil and circuitry fits entirely 

on the user's fingernail, thus leaving the fingerpad unobstructed to feel interactions with the user’s 

environment and the vibrations from our passive patches.  
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The design principle that enables our interactive patches to vibrate is that they are made from 

silicone doped with neodymium powder, resulting in stretchable magnets that are thus 

attracted/repelled by the wearable coil. Conceptually, we liken our approach to a linear resonant 

actuator (LRA, typical vibration element in most commercial mobile devices), which is comprised 

of a magnet attached on a spring and a coil, which we depict in Figure 2.  

 

Figure 2. (a) Our device is built from the same principle as traditional linear resonant actuators (LRA), i.e., based on 

moving a magnetic mass using a coil and a spring. (b-c) However, our device decouples these components into two 

parts: one active element containing the coil, which the user wears on their fingernail; and, many passive elements, 

which are comprised of silicone with regions doped with neodymium powder which together realize a spring & 

magnet. 

To better illustrate our design, we make an analogy to the inner workings of an LRA: when 

current is supplied to the LRA’s coil, it produces a magnetic field which attracts or repels the 

magnet. By performing this multiple times, the momentum of this magnet-spring assembly creates 

a feelable vibration (Figure 2a).  

In our case, our design takes a sharp conceptual turn from that of the LRA as we purposely 

decouple the magnet-spring from the coil (Figure 2b). This allows us to scale up the output by 

placing many spring-magnet pairs everywhere, which are activated when the user’s wearable coil 

contacts them (Figure 2c). The advantage is that our design requires only one coil, meaning it also 

only requires one driver circuit, one communication module and one battery. Furthermore, all our 

interactive patches are passive since we implement them using silicone, an elastic material that 
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allows us to achieve the “spring” component; subsequently, some regions are doped with 

neodymium powder, which allows us to realize the “magnet.” Therefore, our soft-magnets realize 

the “spring-magnet” component typical of LRAs. The result is that MagnetIO patches are easy to 

place anywhere because they are stretchable and soft, and yet they deliver haptic output to the user, 

appearing as interactive patches.  

Moreover, unlike approaches that attach vibration actuators directly to the user’s fingerpad, 

MagnetIO can trigger vibrations whenever a user touch any of our haptic patches, while 

simultaneously leaving the user’s fingerpad free (thus, minimizing impacts to dexterity). 

Note that while our main contribution is on realizing haptic output for these soft patches via our 

soft magnets, we also demonstrate one possible sensing mechanism by using the magnetic 

signature of the patches themselves, i.e., the user’s fingernail-worn device detects the unique ID 

of each patch by using a 3DOF magnetometer to read each patch’s unique 3D magnetic field (see 

details in Implementation). Naturally, there are several other possible passive implementations, 

each with their idiosyncratic pros/cons, such as RFIDs [66, 179, 267], acoustic IDs [78], optical 

(barcodes [88], QR codes [229, 246], Anoto pen-like patches [231]), etc. 

Related Work  

The work presented in this paper builds primarily on the fields of ubiquitous interfaces, especially 

instrumented interactive surfaces, and haptics, with emphasis on soft and magnetic-based 

actuators. 

Adding Input to Everyday Objects and Surfaces 

To enable the vision of ubiquitous computing [271], many researchers have engineered techniques 

that add input to everyday objects and surfaces. A common approach to adding input to objects is 
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to apply a flexible resistive or capacitive sheet to the surface [174, 218, 303]. For example, 

PrintSense [56] utilized an network of electrodes printed on a flexible substrate to add input to 

surfaces. Electrick [302] combined conductive materials with Electric field tomography to achieve 

touch input on a wider variety of objects, such as tools and toys. Similarly, ObjectSkin [60] used 

hydroprinting to transfer sensors and circuits onto irregular objects. Sprayable User Interfaces 

[273] enabled large-scale interactive surfaces via spray-on sensors. Additionally, many other 

techniques are available, even acoustic techniques have been used to add touch input to 

objects [175].  

Passively Adding Input to Everyday Objects and Surfaces  

The key issue with the previous approaches is that they all add electronics onto the objects they 

are enabling. As such, we quickly reach a limit to the vision of ubiquitous interfaces, as all objects 

require batteries, circuits, etc. As an alternative to this, researchers have investigated passive input 

techniques. Passive input is advantageous in that it does not require instrumenting the object with 

electronics, but instead, typically instruments the user with sensors, such as cameras, etc. For 

instance, computer vision can be used to detect interaction with surroundings, as demonstrated by 

early works like Light Widgets [52] and more recently with depth cameras as in WorldKit [282]. 

Acoustic techniques can also be used for passive input: Acoustic Barcodes [78] and Scratch Input 

[77] both utilized the physical surface roughness of objects to detect input. Furthermore, electrical 

techniques are another popular method for passive input; notably Touché [216] realizes gestural 

detection on any electrically conductive surface and time-domain reflectometry adds multitouch 

to wires [277]. Finally, 3D printed ferromagnets have been used to encode information directly in 

3D printed objects; allowing users to scan the object with a magnetometer, like how one would 
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scan a conventional barcode. Here, users swipe their smartphone’s magnetometer across the 

surface of the object to read out its unique magnetic identifier [96]. 

Adding Haptic Output to Everyday Objects and Surfaces 

When it comes to adding haptic output to everyday objects and surfaces, the most common 

technique to instrument objects with haptic feedback is to simply embed actuators within the 

device, as we do with mobile phones [192, 194, 292]. However, this approach tends to lack haptic 

fidelity and design flexibility. One versatile solution to this challenge was put forth by Magtics, 

which introduced a tactile array of rigid actuators inside a flexible casing that could conform to 

curved objects [182]. Tactlets also explored a flexible form factor for adding electrovibration 

feedback to everyday objects [59]. 

Evidently, when compared with adding input to the environment, adding haptics is far less 

explored. The limitations that we discussed for active sensing (i.e., it requires electronics & 

batteries on every object) become dramatic for haptic output, because haptic actuators require even 

more power than their sensing counterparts. To overcome this limitation, MagnetIO takes a sharp 

conceptual turn with respect to the traditional design of a haptic device, it decouples the device 

into two parts: one active that the user carries and many completely passive parts, that can be 

attached to objects and surfaces without the need for electronics. 

Conceptually, our proposal relates to Sekiguchi et al.’s “Ubiquitous haptics” vision, in which 

any interactive device around the user’s environment, be it a surface or an everyday object, was 

not only added with input capability but also displays haptic feedback [220]; they proposed 

realizing vision this using active haptic devices based on motorized actuators. We build on this 

concept but allow this to scale to practical uses with many devices. This is only possible because, 

instead, our concept uses passive patches applied ubiquitously in the user’s environment, rather 
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than requiring batteries & electronics inside every surface or object the user interacts with. For our 

passive patches to produce actual haptic feedback, we were inspired by two hardware techniques: 

(1) soft actuators and (2) magnetic actuators, which we discuss below. 

Soft Actuators 

Advances in materials science and mechanical engineering brought soft actuators to interactive 

devices. A wide range of soft actuators have been developed based on different working principles: 

pneumatics [4, 247, 261], hydraulics [72, 74], acoustofluidics [5], electroactive polymers [25, 44, 

295, 304], twisted and coiled polymers [68], gels [156], and electrorheological and 

magnetorheological fluids [97, 147, 148, 208, 228, 287]. Many have been adapted to realize 

deformable devices, shape-changing output, and so forth [6, 23, 199]. For instance, HapBead [74] 

added a bead in a soft microfluidic channel around the finger pad to generate tactile sensations 

caused by the bead moving around. HapSense [295] demonstrated a wearable electroactive 

polymer for tactile feedback. MagnetIO differs from the approach in HapSense by its decoupling 

between the active and passive components. Additionally, MagnetIO is made from softer materials 

(silicone vs. PVDF), allowing it to conform to more irregular objects and body parts. 

Recently, researchers in soft robotics have become particularly interested in soft magnetic 

materials for sensing and actuation (note that in these mechanics-focused works, and in this paper, 

“soft” refers to the low-modulus of the materials involved, rather than the magnetic properties). 

Unlike electrically-controlled or fluid-driven systems, magnetic materials lend themselves well to 

untethered operation because they may be sensed and actuated without contact. For example, 

magnetic microrobots may be steered within an environment by controlling an external magnetic 

field [89, 285]. Additionally, magnetic skins have been used as tactile and wearable sensors with 

minimal need for wiring [7, 80]. Research on fabrication has demonstrated the ability to design 
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soft magnets with custom polarity by manipulating the applied magnetic field during curing; this 

allows for tunable behavior when the cured magnet is exposed to a field, resulting in programmable 

shapes and locomotion [89, 140, 285]. 

Magnetic-based Haptics 

Magnets have been used to convey haptic feedback across a wide range of applications. Permanent 

magnets have been identified as a passive actuator (no electrical power required) for providing 

haptic feedback [236, 289–291, 305, 306]. However, permanent magnets lack control; they cannot 

be turned off and the intensity of their feedback can only be changed by physically displacing 

them. Thus, many interactive devices rely on electromagnets so that the output magnetic force is 

controllable [235, 255].  

Many of the proposed systems are based on 2D electromagnet arrays. For example, FingerFlux 

utilized an array of electromagnets with a nail-mounted permanent magnet to provide haptics on 

tabletops [272]. Similarly, Actuated Workbench used magnets to move tangibles on a table [257]. 

More recently, M-Hair proposed coating the body’s hair in iron powder so that it may receive 

haptic feedback from electromagnets moved on top of the user’s skin [24]. However, the arrays of 

electromagnets used here are extremely bulky and prevent wearable, mobile and/or scalable form 

factors.  

To make magnetic actuators more mobile, many devices rely on custom electromagnetic coils. 

For instance, Magnetips designed a single coil worn on the back of mobile devices for delivering 

feedback to a nail-worn permanent magnet [153]. Magtics created a flexible haptic device based 

on the hybrid of hard electromagnetic actuators in a flexible case [182].  

Unfortunately, prior approaches to magnetic-based haptics do not easily scale to many 

applications because: (1) they require power; (2) the magnets are rigid, so they cannot conform to 
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objects or the human body. To address these issues, MagnetIO uses one wearable coil and many 

interactive patches made from flexible silicone and stretchable magnets. The result is the first one-

to-many system for ubiquitous vibrotactile haptics. 

Walkthrough: Adding MagnetIO Patches Everywhere 

To give the reader a complete picture of how MagnetIO allows a user to control their environment 

with ad-hoc interactive haptic patches, we describe a walkthrough via the example of a user in 

their home, using our MagnetIO patches to control a wide-range of interactive appliances such as 

internet-of-things (IoT) devices.  

Figure 3a shows our user, wearing our wearable voice-coil on their index finger, walking into 

their home. Figure 3b shows that as they walk in, they tap a MagnetIO patch that has been attached 

to their door. In response to tapping the patch, they feel two consecutive vibrations (tzzz, pause, 

tzzz) confirming that their home-alarm is now disabled, which is depicted in Figure 3c. Note that 

this user can also perform this action in the dark (i.e., eyes-free, which we did not illustrate for the 

sake of visual clarity) because our MagnetIO patches are inherently haptic interfaces designed to 

vibrate on touch.  

 

Figure 3. (a) Our user at home, wearing our coil, surrounded by surfaces with interactive patches. (b) They tap their 

wall, which has a passive patch that controls their home alarm. (c) The user feels the patch vibrate to indicate that 

their alarm is now disabled. 
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Now that we depicted an interaction with MagnetIO from the user’s perspective, let us examine 

what is happening from the device’s perspective. In other words, we will describe how our patches 

work to deactivate the user’s IoT home alarm. Figure 4 depicts the principle behind MagnetIO 

interactions. First, as depicted in Figure 4a, as the user taps on the patch to deactivate their home-

alarm, the wearable-coil approaches the patch and senses its ID, i.e., the wearable-coil recognizes 

that the particular patch the user is touching is the “home-alarm” ON/OFF patch. To sense the ID 

of a patch, the wearable-coil makes use of its inertial measurement unit, which includes a 3DOF 

magnetometer. Using the magnetometer data, the wearable-coil detects the patch that the user is 

interacting with by comparing the current reading to pre-trained magnetic signatures. These 

magnetic signatures are just an example of one many possible ways our system could sense the ID 

of each patch (refer to Implementation for details). Alternatively, our system could utilize a wide 

variety of sensing mechanisms, such as RFIDs [66, 179], acoustic IDs [78], optical IDs [229, 246], 

etc. After the wearable-coil has identified that the user touched the “home-alarm” patch, it 

communicates to the user’s IoT home-alarm via its Bluetooth module, informing it to switch to the 

“OFF” state. Finally, as depicted in Figure 4b, the home-alarm confirms the new state by sending 

a message to the wearable-coil, which the wearable device renders haptically by energizing the 

coil in a vibrotactile pattern. This creates a magnetic field which in turn attracts the magnetically-

doped region of the interactive patch, making the patch vibrate under the user’s finger.  
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Figure 4. (a) When the user’s finger approaches an interactive patch, its magnetometer reads and recognizes its 

unique 3D magnetic ID and (b) activates the wearable-coil, generating a magnetic field that vibrates the patch under 

the fingerpad. 

Next, as depicted in Figure 5a, the user taps on another patch on the wall to adjust their 

thermostat. Figure 5b, depicts how the user slides their finger across the patches, at each step, they 

feel a short vibration that haptically signals each temperature level. However, as depicted in Figure 

5c, when they cross the middle patch, they feel a strong vibration (a haptic detent) that indicates 

that this is the last used setting.  

 

Figure 5. The user touches the top magnet and slides their finger down to the middle magnet where they feel the 

strongest vibration, indicating the last setting used and continue to slide down to the bottom to reset the thermostat 

to the lowest setting. 

MagnetIO patches are versatile because they are passive, made from stretchable silicone. 

Figure 6a illustrates how our user detaches a patch from the wall and attaches it to new objects. 

These patches are sticky as their underside is made of a layer of skin safe adhesive, making our 
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patches also suitable for ad-hoc on-body interfaces. In fact, MagnetIO patches are even weather-

proof. For instance, Figure 6d depicts a user washing their smart kettle instrumented with an 

interactive patch. Because MagnetIO’s patches operate via magnetism alone (for both sensing and 

actuation, no circuitry is inside the patch), the interaction will not be affected so long as the 

wearable coil remains dry. 

 

Figure 6. (a) The user peels off the patch. Because our interactive patches are passive and soft, they can be applied to 

a variety of objects: (b) smartwatch bracelet, (c) water bottle, (d) and even washed (still works while wet). 

Besides our sticker patch, we also implemented a strap-like patch, depicted in Figure 7, that 

can be wrapped around objects, such as handles, bottles, etc. These types of patches are ideal for 

cylindrical objects such as the gaming controller depicted in Figure 7a. In Figure 7, our user 

stretches the patch around the grip of the controller, which enhances its functionality by allowing 

them to mode-switch in their game, while keeping their eyes on the game menu; again, an eyes-

free interaction. 



19 
 

 

Figure 7. (a) The user holds a strap-like patch and (b) stretches it around their gaming controller, enabling (c) an 

eyes-free I/O space for controlling modes and menus. 

Now, the user’s partner, who is Blind, walks into the room. Despite being visually-impaired, 

their partner also makes use of MagnetIO patches to control their home. Since MagnetIO are 

interactive haptic patches, they can serve as useful interfaces for visually-impaired users. 

Especially, because MagnetIO patches are simply cast from silicone, one can add tactile bumps 

that encode messages in Braille, as depicted in Figure 8. This allows our visually-impaired user to 

use the thermostat interface by adding a side patch with Braille annotations. The user then feels 

the Braille to know which patch this is e.g., “thermostat” or “setting 1”, and so forth (Figure 8b), 

and then make use of MagnetIO’s vibrations to know they have selected a setting on the interface 

(Figure 8c). Alternatively, this information can be embedded into simple haptic vibration patterns.  

 

Figure 8. Since our interactive patches are made from silicone, they may easily include Braille to assist Blind users. 

While our walkthrough exhibits the key principles behind how MagnetIO allows to deploy 

haptic patches everywhere, these do not depict an exhaustive list. We designed MagnetIO to be 
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attached to many more objects and believe that it will inspire researchers to use, or even create, 

passive haptics patches that can be anywhere.  

Contribution and Limitations 

Our key contribution is that we propose, explore, and engineer conformable interactive patches 

that can be placed ubiquitously to provide touch input and more importantly haptic feedback. The 

conceptual result of MagnetIO is the first one-to-many system for ubiquitous vibrotactile haptics. 

Our approach has the following benefits: (1) while traditional actuators each require their own 

power supply/electronic-circuits, MagnetIO decouples the powered coil component from the 

passive magnetic elements, allowing us to actuate many interactive patches using only one active 

component, resulting in haptics patches that scale; (2) our interactive skins offer a conformable 

I/O space that can adapt to many shapes and body parts that pose challenging to existing, rigid 

actuators (LRAs, etc.); (3) our nail-worn device leaves the fingerpad free to interact with one’s 

surroundings, yet haptic sensations are still delivered directly to the fingerpad; (4) our fabrication 

technique enables customizable geometries, magnetic fields and even aesthetics; (5) in contrast 

haptic devices based solely on permanent magnets, the use of our wearable coil allows us to 

program custom tactile waveforms and/or turn off haptic sensations only-on demand, i.e., these 

are truly interactive.  

Our approach is limited in that: (1) the use of soft elements has its downsides, as our actuators 

are subject to mechanical losses from hysteresis and yield a reduced magnetic field strength when 

compared to rigid, sintered magnets; (2) our approach only generates haptic sensations when the 

wearable-coil is on top of the soft patch, i.e., these patches cannot vibrate by themselves, which is 

why we believe they are useful for adding vibrations to touch based-interactions; (3) the object 

being instrumented with our interactive patches must be larger than the patches themselves; lastly, 
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(4) as our approach is based on magnets it is not advised for instrumenting ferromagnetic objects, 

as these attract the magnets and dampen the resulting vibrations. 

Implementation 

To help readers replicate our design, we now provide the necessary technical details and 

fabrication process. Furthermore, to accelerate replication, we provide all the source code for our 

implementation.  

MagnetIO devices have two principal components: (1) many of our silicone-based interactive 

passive patches, which have regions doped with neodymium powder (Nd2Fe14B) and can be 

attached to surfaces; and (2) our nail-worn device, which can make our patches vibrate via its 

electromagnetic coil; the latter is entirely self-contained, i.e., it has input (via a 9DOF IMU), output 

(electromagnetic coil), processing, battery and wireless.  

Mechanics of our Passive Patches that can Vibrate 

The key behind the design of our patches is that they embody the same mechanics that allow a 

linear-resonant actuator (LRA) to vibrate, yet they are stretchable and passive. In other words, they 

implement a mass and spring, depicted in Figure 9, that respond to applied magnetic field. Because 

of silicone’s intrinsic elasticity, it naturally behaves like a spring. To allow the soft magnet to 

achieve amplitudes needed for “feelable” vibrations, we designed the spring mechanism as a long 

and slender beam (3.75 mm length, 0.5 mm thickness). Furthermore, we found that an optimal 

1 mm for the beam-spring’s width maximized feelable vibrations (see Technical Evaluation for 

details).  

Moreover, as depicted in Figure 9b, we designed the hollow cutout at the center of each patch 

with a diameter of 9 mm, which is slightly smaller than 10-14 mm of the average fingerpad 
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diameter [42]. Thus, as the fingerpad lands on the center of the patch, it is mostly supported by the 

silicone walls outside the cutout. This allows the magnet to vibrate freely in the airgap and contact 

the fingerpad even when the finger pushes down. 

 

Figure 9. The key mechanism behind our soft magnets: (a) this thin beam act as a spring that connects the magnet 

(dark region at center) to the base (silicone around it, with cut-outs). (b, c) Schematic side view depiction of our 

mechanics that allow the magnet to vibrate even as the user presses down; note that as the fingerpad lands on the 

center of the patch, it is mostly supported by the silicone walls outside the cutout. 

Fabrication of our Soft Magnets: Doping Silicone with Magnetic Powder 

Our passive patches are made of two parts: a soft stretchable magnet made of silicone mixed with 

permanent magnetic powder (Nd2Fe14B) adhered to a flexible silicone mechanism that enables 

vibration.  

Prior to the start of the fabrication, the magnetic powder is filtered through a 200 µm mesh. 

Smaller particles allow for more stretchability, as we validated in our Technical Evaluation.  

Figure 5 illustrates our fabrication process. First, we fabricate our 1.5 mm soft magnets by 

mixing the silicone (Dragonskin FX Pro) and NdFeB powder. The mixture is hand-stirred for 10 

minutes and cast to a 3D printed mold to shape the magnet; the process is the same for the tactile 

magnet (that sits at the center of our patches) and the ID magnets (that sit at the edges of the patch, 

solely for the purpose of shaping its magnetic signature).  
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The mold is held between two strong permanent magnets (N52 0.75” x 0.75”, K&J Magnetics). 

This strong magnetic field (~1.1 T) magnetizes and aligns the polarities of the individual particles. 

This process results in a composite with a strong, permanent magnetic field, while remaining 

flexible due to the silicone holding it together. With a goal of maximizing magnetic field strength 

to produce strong vibrations, we use an NdFeB weight concentration of 80%.  

Next, the rest of the patch, which embodies our spring-mechanism, is cast using pure silicone. 

For the spring mechanism, Dragonskin FX Pro silicone is used for its elasticity. The magnets and 

mechanism may be cured at room temperature (which takes ~40 minutes for Dragonskin FX Pro) 

or inside a dehydrator in a few minutes.  

After both the silicone mechanism and soft magnets have cured, the interactive patch is 

assembled by adhering the magnets to the mechanism with silicone glue (Sil-poxy). The total 

thickness of a patch is 2.5 mm. 

 

Figure 10. We fabricate our devices by: (a) doping silicone with magnetic powder, (b) casting the doped silicone 

mixture into 3D printed molds of desired shape, (c) curing the mixture in a strong, external magnetic field, (d) 

casting our mechanism out of silicone, and (e) adhering the soft magnets to the silicone mechanism.  
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We designed MagnetIO patches to be attached to a wide variety of objects of different shapes, 

textures, and sizes. To adhere our patches to surfaces such as walls, objects and even skin, we add 

a final layer of sticky silicone adhesive (Skin Tite) to the back of our patches. Other types of patches 

can be made with longer straps of silicone (as used in Figure 7 around the gaming controller) or 

even in custom shapes (e.g., smartphone sleeve made from silicone with our magnets embedded 

or a beating heart for a child’s toy, shown later in Envisioned Examples).  

Engineering our Nail-worn Device 

Our nail-worn device is comprised of a voice-coil and PCBs for processing sensing and actuation, 

shown in Figure 11. Our voice-coil is optimized to provide strong magnetic forces while 

maintaining a compact, lightweight footprint that does not occlude the user’s fingerpad, allowing 

the user to still touch objects and feel the haptics of their surroundings.  

 

Figure 11. (a) Components used in our device; (b) Circuit diagram of our implementation.  

The coil in our voice-coil is made from copper enameled wire (28 AWG wound for 42 turns. 

To concentrate the coil’s magnetic field, we designed a ferromagnetic core to fit around the 

windings. To make the core comfortable to wear and to bias its magnetic field downwards to the 

fingerpad, we designed a computationally-optimized ferromagnetic core made from silicone doped 

with iron powder (70 wt% iron powder, 30 wt% silicone). We describe this optimization process 

in our Technical Evaluation. The final coil design weighs 2 grams.  
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We engineered a custom PCB for MagnetIO’s finger-worn device, as shown in Figure 11. At 

the center of the coil, we place a 9DOF IMU (MPU-9250, 3-axis magnetometer, 3-axis gyroscope, 

and 3-axis accelerometer) to read the local magnetic field and sense proximity to any patch.  

On the user’s finger, we place our PCB that houses our motor driver (DRV8850, Texas 

Instruments), Bluetooth enabled microcontroller (nRF52811, Nordic Semiconductor), and battery 

(40 mAh). The motor driver can provide up to 5 A of current, but typically 1 A is sufficient to 

cause a haptic patch to vibrate. With this one small battery, our device allows for only ~100 haptic 

interactions. Yet, one can triple its battery-life by adding a second 80mAh battery on the first finger 

phalanx. The complete finger-worn device including battery weighs only 4 grams. The coil 

measures 18.25 mm in diameter and 3 mm thick, while the wearable controller and battery measure 

17 mm x 11 mm with 7 mm thickness. 

Sensing by Detecting the Magnetic Signature of a Patch 

While the focus of our paper is on the vibrations produced by our novel soft patches, these only 

become interactive when the loop is closed, i.e., only when they exhibit both output and input. We 

acknowledge that detecting touch and/or the ID of the interactive patch that the user’s finger is 

contacting with can be achieved using a variety of methods previously explored, such as radio [66, 

179], acoustic [78], or optical [246, 246] IDs. 

However, for the sake of completeness, we also implemented an input identification technique 

that relies solely on the magnetic properties of a patch. To achieve this, as depicted in Figure 12, 

we added four small bar magnets (which we call ID magnets) around the main vibration magnet, 

which we call the tactile magnet. All four rectangular magnets are also soft and were produced 

using the same method as the tactile magnet. The purpose of these rectangular magnets is to encode 
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an ID by means of shaping the 3D magnetic field such that each patch exhibits a different magnetic 

field when read by the 3DOF magnetometer, which is featured on our wearable nail-worn coil.  

 

Figure 12. (a) Each patch has one central tactile magnet surrounded (the one that vibrates) and four small bar 

magnets whose orientation shapes the 3-D magnetic field. (b) When a user touches a patch, the magnetometer reads 

the patch’s unique magnetic field to recognize; thus, enabling the input side of the interaction. 

The principle behind our encoding system is as follows: by varying the orientation of the ID 

magnets, unique 3D magnetic fields can be produced; the number of combinations achieved by 

this technique is obviously limited but other sensing techniques are also possible. Furthermore, the 

tactile magnet can also exhibit two polarities, which contributes to a larger number of 

combinations. Each of the four ID magnets may be oriented in one of four ways (north facing up, 

down, left, or right). The magnetic fields of each individual magnet interact at the center of the 

patch and the net magnetic field is read by the magnetometer. As we demonstrate in detail in our 

Technical Evaluation, we can reliably identify eight patches at 99.06% accuracy just using simple 

threshold-based identification (if-then-else) based on the physical principles that guide magnetism. 

Certainly, one could alternatively feed the magnetometer data into a more sophisticated classifier 

(e.g., SVM, DNN, and so forth) to potentially expand both in accuracy and sample size or even 

fuse the 9DOF of the IMU for more rich data. 
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Technical Evaluations 

We characterized the performance of our proposed device in five technical evaluations. To aid the 

reader in understanding the different validations we performed, we present an overview of our 

evaluations with a preview of their respective results:  

1. Impact of particle size on elasticity: we found that our choice of doping silicone with small 

particles (<200 μm) improved stretchability, a key feature since we want our patches to stretch and 

conform around objects.  

2. Measuring & optimizing the vibration response of our soft patches: we found that (1) a 

1 mm spring width and (2) a magnet diameter of 7.5 mm optimizes the resulting vibrations to the 

feelable range of the human skin; and (3) that placing magnets at least 5 mm apart from each other 

minimizes any interference from the magnetic field of adjacent magnets. 

3. Measuring & optimizing the magnetic field of our coil: we found that we could tune the 

shape of the magnetic field of our coil by (1) computationally simulating it; and (2) adding an iron-

doped silicone. The result is that unlike conventional magnets that radiate in a symmetric pattern, 

our field is biased towards the fingerpad. We also found that most of MagnetIO’s vibrations happen 

at the patch, which vibrates 16x stronger than the coil.  

4. Comparing MagnetIO’s vibration to a Linear Resonant Actuator: we found that our 

device vibrates with a similar intensity as an LRA driven at 4V with a wider frequency bandwidth 

due to its soft spring. 

5. Identifying patches by means of magnetic signatures: while the entire focus of our paper 

is on the haptic vibrations we produce via our soft patches, for the sake of completeness, we also 

evaluated our straightforward sensing method that identifies patches based on their magnetic 

signature. We found that this can identify eight patches with an accuracy of 99.06%. 
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Technical Evaluation 1. Impact of Particle Size on Elasticity 

To enable our patches to fit around different surfaces, especially those that are non-planar such as 

the everyday objects or the human body, it is critical that they allow for deformation, i.e., these 

should stretch. Our choice of implementing our interactive patches from silicone allows this. 

However, as one dopes the silicone with neodymium powder to enable them to vibrate as a 

response to our coil, it decreases the elasticity (i.e., an increase in elastic modulus as found by [7]). 

Thus, to maximize the elasticity of our soft magnets, we explored refining the neodymium powder 

particle size using a simple mesh filter. Figure 13 depicts the results of a simple elongation test of 

two soft magnets with comparable properties (size, volume, mass, 80 wt% particle concentration) 

under 25 grams of load, except that the soft magnet represented by the orange data is made by 

doping silicone with particles <200 μm; conversely the other soft magnet is made from particles 

>200 μm.  

 

Figure 13. Comparison of soft magnets made with large (>200 μm) and small particles (<200 μm): magnetic flux 

density (left) and elongation under 25 grams of load (right).   

Our results show that fabricating soft magnets using particles smaller than 200 μm allows 

elongation up to 150% of the original size. Furthermore, not only a smaller particle size improves 

elasticity, it also slightly increases the magnetic field, which in turn increases haptic performance. 

As a takeaway from this evaluation, we recommend researchers and practitioners use our approach 
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to quickly improve the quality of their devices by refining the neodymium particle size using a 

simple mesh filter.   

Technical Evaluation 2. Measuring & Optimizing the Vibration Response of 
our Soft Patches  

To understand the haptic response of our soft magnets we conducted an experimental evaluation 

aimed at measuring the impact that each design factor has on the resulting vibration. We measured 

the impact of: (1) the width of our beam-springs, (2) the magnet’s diameter, and (3) interference 

from any adjacent magnets. To measure the vibration generated, we placed a piezoelectric 

vibration sensor (AB1070B-LW100-R) below each patch. The coil was held stationary directly 

above the patch at 6 mm away. Data was recorded at 3300 Hz and processed using a Fast Fourier 

Transform to examine the frequency response. In our plots, “magnitude” denotes the actual analog 

reading as measured by our piezoelectric sensor.  

Impact of the spring’s width on resulting vibration profile 

In all our haptic patches, the spring width is a major factor that determines the amount of resulting 

vibration over a range of frequencies. As such, we measured the vibration of four of the same 

magnets (8 mm diameter, 1.25 mm thick, 34.1±3.2 mT measured at surface) when attached via 

four different spring widths (1 mm, 2 mm, 4 mm, and 6 mm). To gather insights about a wide 

range of frequencies, we swept our coil in a square wave pattern from 0 to 500 Hz in steps of 20 

Hz. Three repetitions were performed for each magnet.  

Figure 14 depicts our results for the measured magnitude of the vibrations of these four 

different spring widths, over a wide range of frequencies (0-500 Hz). By examining the resonant 

frequencies (sharp peaks in the response) we found that increasing the spring’s width increases the 

resonant frequency. This is in line with simple vibrational theory, where increasing the spring 
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constant increases the natural frequency. We found that the thicker springs (4 mm or 6 mm) 

dampen the resulting vibrations. Conversely, we found that the thinner springs (1 and 2 mm) result 

in a strong vibration. In fact, the 1 mm spring exhibits a maximum vibration a lower frequency 

peak of ~100 Hz when compared to the 2 mm spring, which resonates maximally at ~300 Hz.  

 

Figure 14. Magnitude of vibrations of the same soft magnets but with four varying spring widths. Frequency was 

swept between 0 to 500 Hz (in 20 Hz steps). Shaded regions depict a 90% confidence interval. 

As a takeaway from this evaluation, we recommend researchers and practitioners use a spring 

width of 1 mm, resulting in a soft magnet design with a resonant frequency at ~100 Hz. From here 

on, all our soft magnets will utilize a spring width of 1 mm. Note that, depending on the type of 

application, it might be also worth utilizing also the 2 mm spring which vibrates maximally at a 

higher frequency of ~300 Hz.  

Impact of the magnet’s diameter on resulting vibration profile 

The next factor that impacts the resulting vibration is the diameter of the magnetic region doped 

with neodymium. As such, using the same apparatus, we measured the vibrations of four soft 

magnets with varying diameters (6 mm, 7 mm, 7.5 mm, and 8 mm). We fixed the spring width at 

1 mm according to the findings of our previous experiment.  

Figure 15 depicts the results for the magnitude of the vibrations of these four magnets with 

varying diameters, as they vibrate over a wide range of frequencies (0-500 Hz). This is again 

aligned with what is expected by vibrational theory, where increasing the mass decreases the 
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natural frequency. We found that the larger diameter magnet at 8 mm provides mostly only one 

resonant mode, i.e., it vibrates maximally at ~100 Hz. Then, for diameters below 8 mm, we found 

a wider range of frequency modes, i.e., these magnets have a few frequencies at which they can 

vibrate strongly. For instance, soft magnets with a diameter of 6 mm or 7 mm vibrate the strongest 

at ~400 Hz. Lastly, at a diameter of 7.5 mm, the soft magnet’s strongest vibrations occur at 240 Hz 

and 310 Hz.  

 

Figure 15. Magnitude of vibrations for four soft magnets with varying diameters of the region that is doped with 

neodymium (same spring widths of 1 mm). Frequency was swept between 0 to 500 Hz (in 20 Hz steps).   

As a takeaway from this evaluation, we recommend researchers and practitioners to use a 

diameter of 7.5 mm, resulting in a soft magnet design with a resonant frequency at ~240 Hz, which 

leverages the fact that the human skin is very sensitive at those frequencies [263]. From here on, 

all our soft magnets will utilize a diameter of 7.5 mm with spring width of 1 mm. Note that, the 

larger 8 mm diameter might be worth exploring for applications requiring a lower frequency 

~100 Hz. However, we advise against using soft magnets with diameters below 7.5 mm for haptic 

applications (with 1 mm spring width), as these resonate at higher frequencies (~400 Hz) at which 

the human skin is not particularly sensitive [263].  

Impact of adjacent magnets in resulting vibration magnitude 

Next, because our approach allows users to easily attach these soft interactive patches to objects 

and the environment to create simple interfaces, the soft magnets may end up neighboring each 
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other. Since this meant that adjacent magnets could potentially interfere with each other’s magnetic 

fields and decrease the vibrations, we decided to measure it. We utilized the same apparatus as in 

our previous experiments, but attached three consecutive magnets separated by 5 mm. As we were 

interested in measuring the impact of each magnet’s field on the adjacent magnet, we attached the 

magnets to individual stands connected only at the base; allowing us to measure the impact of the 

field strength independently of vibrations that propagate through the apparatus (these depend on 

the material that the magnets are attached to and is a known problem in any vibration-based 

interface [46]). Then, we proceeded to vibrate, using our coil (at the resonant frequency of 240 Hz), 

each magnet, one at a time, but measured not only the magnitude of this magnet but also its two 

adjacent neighbors.  

Figure 16 depicts our results of the magnitude of the vibrations (normalized to the maximum) 

of the soft magnet being excited as well as its two neighbors. As expected, the adjacent magnets 

exhibit a minute vibration, since their permanent magnetic fields interact with that of the coil and 

vibrate in response. However, we also found that these vibrations are very small, i.e., ~10% of the 

maximum at the nearest neighbor and less than 1% of the maximum at the further neighbor. A 

straightforward empirical test (placing another person’s finger over the adjacent magnets) did not 

reveal that one could confidently feel these vibrations in adjacent magnets.  

 

Figure 16. Magnitude of vibration (at resonant frequency) of three adjacent soft magnet placed at 5 mm of each 

other. As observed, there is very little influence of permanent magnetic field of the adjacent magnets  
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As a takeaway from this evaluation, we recommend researchers and practitioners to keep 

adjacent soft patches at least at 5 mm of each other.  

Technical Evaluation 3. Measuring & Optimizing the Magnetic Field of our 
Coil  

While in our previous evaluations we characterized the vibration of our soft magnets to precisely 

optimize their frequency/intensity, we now turn our attention toward optimizing & evaluating our 

wearable coil. The objective is simple: maximize the field strength at the user’s fingerpad without 

increasing the coil size. First, we performed finite element simulations to design an iron-doped 

core with a geometry that concentrates the field at the user’s fingerpad. Then, we experimentally 

confirmed that it improved the magnetic field strength by 40%. 

Impact of an iron core on the resulting magnetic field 

Electromagnets are comprised of a coiled wire spun around a magnetic core made from a 

ferromagnetic material such as iron [154]; this ferromagnetic core concentrates the magnetic flux 

and results in a more powerful magnet. This is commonly seen in various types haptic devices, 

e.g., DC motors, solenoids, etc. Inspired by this principle, we engineered our wearable coil to 

benefit from a ferromagnetic core. However, because our electromagnet is nail-worn, a pure iron 

core would be heavy and not ergonomically follow the shape of the fingernail. Therefore, we 

engineered a silicone doped with iron, which increases magnetic field, yet is soft.  

We evaluated the effect of an iron-doped silicone core by means of: (1) a simulation, which 

enable us to determine in detail the advantages of our design; and (2) an empirical validation with 

a Gaussmeter, which we present later, that provides confirmation of the advantage but displays 

less resolution than the former simulation.  



34 
 

First, we performed a finite element method (FEM) simulation to compare the magnetic flux 

density between our initial coil design against our coil design with an added iron-doped core.  As 

with any other materials of this paper (e.g., software, firmware, circuits, 3D models) the simulation 

files are provided to assist researchers with replication or building on top of our design1. All our 

simulations were conducted using Finite Element Method Magnetics (FEMM), a computational 

solver for magnetics, electrostatics, etc., widely used in physics [14]. Our simulations were set to 

match our physical coil and are defined as follows: inner and outer diameter of 11 and 16.75 mm, 

respectively; thickness of 2.5 mm, which provided enough space for 42 turns of 28 AWG enameled 

copper wire. The coil was excited with 4.8 A to match our benchtop power supply. For the iron-

doped silicone core model, the coil was encased in a composite (70 wt% iron powder, 30 wt% 

silicone) and a magnetization curve for the material was imported to capture the core’s 

ferromagnetic behavior [283]. Since our coil’s geometry is symmetrical, we simulate only its 

cross-section (Figure 17a).  

Our simulation results are depicted in Figure 17b,c, as a slice of the cross-section. We 

confirmed that adding a silicone-iron core increased the magnetic field produced by concentrating 

the flux within the core.  

Impact of core geometry in the shape on the resulting magnetic field 

Having confirmed that adding a ferromagnetic core concentrates the magnetic field, we explored 

whether the ferromagnetic core’s geometry would allow us to design a wearable electromagnet 

that exhibits an asymmetric magnetic field, i.e., concentrates the magnetic field at the fingerpad, 

where it is needed for haptic interactions. 

Our resulting design is a “pot”-shaped ferromagnetic core (Figure 17d). By means of FEM 

simulation, we found that leaving one of the faces open “forces” the magnetic field lines to “jump 
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the gap”, thus concentrating the field along that face. This effectively biases the magnetic field to 

one side, making it asymmetric towards the user’s fingerpad. 

 

Figure 17. (a) Our simulation is run as a slice of the coil. The magnetic flux contour was calculated for (b) a coil 

without a core (c) the same coil with a silicone-iron composite core and (d) the same coil but with a core that biases 

the field to one face of the coil. 

Experimental validation of core design 

Finally, we empirically evaluated our coil design by fabricating two coils: a coil with our silicone-

iron doped core and pot-shaped geometry; and he same coil but without a core (baseline). Then, 

we powered the coils by connecting them to our MagnetIO device one at a time. Using a 

gaussmeter (TD8620) mounted on a caliper, we measured the magnetic field strength as a function 

of distance (from 0 mm to 12 mm away from the coil; <12 mm being the thickness of a typical 

finger [265]. Because we hypothesized that the field in our custom coil is asymmetric (biased 

towards the fingerpad) we measured the field strength in two locations: (a) at the center of the coil, 

and (b) at the edge of the coil, where we expected the field to concentrate. 

Figure 18 depicts our results of the magnetic field strength (in mT) measured at increasing 

distance from the surface of the coil where the field has been biased. Overall, we found that at any 

distance, our custom coil (with its soft-iron core and asymmetric magnetic field) produces stronger 

fields, which is critical since magnetic force rapidly decays over distance. Importantly, when 

measured directly at a finger’s thickness away (12 mm) at the center of the coil, the field strength 

is 40% greater for the coil with a ferromagnetic core compared to no core.  
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Figure 18. The addition of a ferromagnetic core increased the magnetic field strength at (a) the coil’s center as well 

as at (b) the coil’s inner diameter. 

As a takeaway from this evaluation, we recommend researchers and practitioners to optimize 

their wearable electromagnets to direct the magnetic field where it is most useful for the haptic 

effects. We have not seen this much in the design of interactive devices and believe it might enable 

improvements in existing interactive devices that are based on electromagnets, such as Magnetips 

[153] or Magtics [182] just to cite a few. 

Measuring the vibrations at the patch vs. vibrations at the coil  

Last, since the electromagnetic forces act equally and opposite to each other on the interactive 

patch and wearable coil, both the patch and coil vibrate when excited. To determine the degree to 

which the coil and magnet vibrate, we placed a piezoelectric sensor beneath each of them and 

excited the patch at its resonant frequency. We found that the patches vibrate 16x more than the 

coil, likely due to the coil’s greater mass and constraints. Thus, we found that the tactile sensation 

is greater at the patch, as intended for any haptic application. 
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Technical Evaluation 4. Comparing MagnetIO’s vibration to a Linear 
Resonant Actuator 

To put our results into perspective, we compare our chosen soft magnet (1 mm spring width; 7.5 

mm diameter) with a conventional linear resonant actuator (LRA). As we established, the LRA is 

the most similar haptic device to our approach, except that its inner workings are rigid and thus 

not stretchable. For this comparison we used the C10-100, which was driven using a function 

generator and its driver at a nominal 4 V.  

Figure 19 depicts our results for the magnitude of the vibrations of our soft magnet vs. the 

LRA, as they vibrate over a wide range of frequencies (0-400 Hz). As expected, the LRA resonates 

at 150 Hz, which is consistent with its specifications. Also as expected, our soft magnet (with 

7.5 mm diameter and a spring of 1mm) resonates at both 240 Hz and 310 Hz. Surprisingly, when 

comparing the magnitudes of each device at their resonating frequency, these are comparable, i.e., 

our soft magnets vibrates as much as an LRA. Note that our device does this while remaining 

stretchable. Furthermore, our interactive patches operate consistently over a wider range of 

frequencies than an LRA; this may be attributed to the larger degrees of freedom that arise from 

the fact that our patches are made from soft materials [22]. 

 

Figure 19. Magnitude of vibrations for our soft magnet design (MagnetIO) vs. a traditional LRA (C10-100 at 4 V).  
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Technical Evaluation 5. Identifying Patches’ ID via Magnetic Signatures  

Lastly, to test the accuracy of our simplistic identification based solely on magnetic signatures of 

the patches, we fabricated eight interactive patches, each with a random orientation of their ID 

magnets. It is extremely important to note that these patches were not custom made. We simply 

fabricated 32 bar magnets (the small ID magnets) and randomly placed these on each patch without 

even checking their orientation; this depicts the worse-case scenario for our simple approach. 

Then, while wearing our nail-worn device with magnetometer, we recorded the 3-axis magnetic 

field when touching each patch. The readings were converted into a simple rule-based classifier 

(if-then-else) that classified each patch based on the incoming magnetometer readings. Then, to 

evaluate the sensing accuracy, one participant touched each patch in a previously randomized 

ordering (320 touches, 40 touches per patch). For each touch, we recorded the ID predicted by our 

classifier.  

Figure 20 depicts the resulting confusion matrix. We found the overall accuracy across all trials 

to be 99.06%. This is a sufficient result for simple interactive use, despite using random 

orientations of the small ID magnets.  

 

Figure 20. Interactive patch confusion matrix across 320 trials. 
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While this approach to identifying the interactive patch is relatively simple, i.e., a series of 

rules based on the physical principles that shape magnetic fields, one could alternatively feed the 

magnetometer data into a more sophisticated classifier (e.g., SVM, DNN, and so forth) to 

potentially expand in accuracy and sample size. Lastly, note that we purposely used only the 3DOF 

of magnetometer data for identification to understand the magnetic-only approach; however, our 

IMU provides an extra 6DOF (3DOF from gyroscope and 3DOF from accelerometer) which can 

be fused with the magnetometer data for a more sophisticated identification approach.  

Envisioned Applications enabled by MagnetIO 

To illustrate the versatility of our approach we demonstrate a wide range of applications, where 

we utilize MagnetIO patches attached to a variety of objects to propose new interactions with 

haptic feedback. Broadly speaking, we organize our proposed applications into four categories: (1) 

ad-hoc & ubiquitous haptics; (2) eyes-free use; (3) adding interactivity to everyday objects; and 

(4) adding interactivity everywhere, even to outdoor objects, exposed to weather conditions. 

Benefit#1: Scalability—Enabling Ubiquitous ad-hoc Haptic Interfaces  

Figure 21 depicts an example of how a user might instrument their living room using six MagnetIO 

patches, to create ad-hoc interfaces that fit their own needs, such as (a) haptic buttons for their e-

reader; (b) haptic controls for their smart-dehumidifier, (c) volume control with haptic detents on 

their armchair; (d) additional settings with haptic feedback on their smart thermostat; (e) haptic 

feedback as they touch their plant’s pot to select the amount of water from their watering system; 

and, (f)  controls for their fan with haptics when they touch the “eco” setting. 
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Figure 21. An example of an envisioned ad-hoc interface created by a user for their living room using six patches . 

Additionally, MagnetIO patches can weave interactivity into playful everyday objects. Figure 

22 shows how patches can (a) add dynamic interaction to a children’s coloring book; (b) add tactile 

cues to board games; and (c) add play, stop, record buttons with haptic feedback for their guitar’s 

looper. 

 

Figure 22. Examples of how MagnetIO can enhance everyday objects by creating an ad-hoc I/O space; these objects 

can now sense touch interactions and vibrate in response. 

Benefit#2: Conformability—Adding MagnetIO Patches to Non-planar Objects, 
Outdoors, etc.  

Furthermore, we believe MagnetIO patches are especially useful for realizing interfaces attached 

to objects that are not planar, which is depicted in Figure 23. For instance, (a) music player control 

on their headphones; (b) additional buttons with haptic feedback for a gamepad; and (c) added to 

one’s favorite toy to feel its heartbeat. 
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Figure 23. Examples of how MagnetIO patches can conform to objects of various shapes. 

More interestingly, Figure 24 depicts how our patches can provide interactions in extreme 

environments, such as contexts where significant forces are applied or drastic weather changes. 

Figure 24a depicts a user who has instrumented their bike handle with MagnetIO patches to receive 

turning signals from their phone’s GPS navigation application. When the user wants to check 

driving directions, they place their fingers on a MagnetIO patch that buzzes once or twice, in 

response to the navigation-application’s messages, to notify them to turn on the next intersection 

to the left or right, respectively. Here, the MagnetIO patches survive adverse weather conditions 

because they are completely passive.  

 

Figure 24. Two examples of applying MagnetIO patches in extreme contexts with significant forces or weather 

changes, such as this bike’s handle; however, because our patches are passive and soft, they resist these adverse 

conditions. 

Conclusion 

We presented MagnetIO, a new type of haptic actuator comprised of two parts: one battery-

powered voice-coil worn on the user’s fingernail and many of interactive soft patches that can be 

attached onto any surface (everyday objects, user’s body, appliances, etc.). When the user’s finger 
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wearing our coil contacts any of the interactive patches it detects its magnetic signature via 

magnetometer and makes the patch vibrate, adding haptic feedback to otherwise input-only 

interactions. To allow these passive patches to vibrate, we fabricated them from silicone with 

regions doped with polarized neodymium powder, resulting in soft/stretchable magnets. This form-

factor allows our patches to be wrapped to the user’s body or everyday objects of various shapes.  

It is this novel technical implementation, based on decoupling the mechanics of a linear 

resonant actuator, that gives rise to MagnetIO’s unique feature, it is a one-to-many haptic device, 

i.e., one active part (an electromagnetic-coil worn the fingernail) powers many passive actuators. 

We demonstrated applications that make use of MagnetIO’s patches to realize ubiquitous haptics, 

i.e., surfaces and objects around the user can now exhibit interactive behavior upon touch. 

Furthermore, in our technical evaluation, we demonstrated that our interactive patches can be 

excited across a wide range of frequencies and can be tuned to resonate at specific frequencies 

based on the patch’s geometry. Furthermore, we demonstrate that MagnetIO’s vibration intensity 

is as powerful as a typical linear resonant actuator (LRA); yet, unlike these rigid actuators, 

MagnetIO’s patches operate as springs with multiple modes of vibration, which enables a wider 

band around its resonant frequency than an LRA. Future work may examine deeper into the 

psychophysics of these patches, for example, user studies on vibration strength and pattern 

recognition. Additionally, while this implementation presented vibration in a single axis, this 

approach may be adapted to other feedback modalities such as shear. 

We tend to think of MagnetIO not as an end-product but as a hardware & fabrication technique 

that will inspire the creation of a new type of passive-haptic interactive devices that can even 

unlock new use cases. As such, we published the detailed fabrication process, hardware schematics 

and code as open-source to accelerate future research (see Chapter 1, Contributions).  
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Stick&Slip: Altering Fingerpad Friction via Liquid Coatings 

 

Figure 25. We propose Stick&Slip, an approach to friction modulation that works by coating the user’s fingerpads in 

sticky or slippery liquids, making it possible to alter the friction of nearly any non-absorbent surface, regardless of 

its geometry. (a) A user plays a racing game in mixed reality, driving the virtual car over real-world surfaces, such 

as a table and a small ramp. (b) To alter the friction of the user’s finger movements on real surfaces, our device 

deposits liquid droplets onto the user’s fingerpad, forming an interfacial layer between the two, which allows us to 

modulate surface friction corresponding to the virtual events, such as (c) the ice feels slippery to the user’s touch, 

and (d) the green-goo left by the opponent feels sticky while driving the car on the surface.   

In this chapter, we introduce Stick&Slip [150], our approach to scaling friction feedback to many 

objects and surfaces within the environment. 

Introduction 

Touch plays a vital role in our interactions, providing valuable information about the objects we 

contact [3, 43, 99, 116]. In fact, a crucial tactile property that guides touch and grasping, is 

perceived friction between a surface and fingerpad [276]. When we feel that an object has lower 

friction, we intuitively know it requires a stronger grasp to prevent slipping [62]. Given the 

importance of friction to our tactile perception, many researchers have engineered devices that use 

surface friction as a feedback modality [18, 159, 172]. 

Unfortunately, while many other haptic cues (e.g., pressure, vibration, or kinesthetics) have 

seen a plethora of methods developed over the last four decades, this is not the case for friction. 

For example, to implement pressure rendering, haptic designers can choose from a variety of 
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approaches (e.g., motors [249], pneumatics [297], magnets [183, 262], smart materials [198], 

electrotactile [215, 294], etc.), each offering different pro/cons regarding wearability, power 

consumption, scalability to real-world objects, etc. However, the haptic domain of friction 

rendering has not experienced this abundance of research approaches—in fact, only two key 

approaches to modulating surface friction have been deeply explored: ultrasonic vibration and 

electrostatic adhesion. Ultrasonic vibrations reduce friction as a finger slides over a surface by 

vibrating the surface such that it only contacts the finger intermittently [278]. Electrostatic 

adhesion increases the friction by means of attractive (electrostatic) forces between surface and 

finger [223]. These two working principles may seem limited in that neither can both increase and 

decrease friction, but this can be overcome by using these techniques in conjunction [95]. 

Moreover, of greater conceptual significance, implementing these approaches requires researchers 

to instrument surfaces around the user—e.g., either adding vibration actuators or coating the 

surface so that it can be electrically attracted to the user’s finger. This need for surface 

instrumentation prevents achieving the goal that Bau et al. set for the field of augmented reality 

haptics in their seminal work “[to] only require the augmentation of the user, not the entire 

environment” [19]. In fact, besides REVEL [19] (which requires objects to be electrically grounded 

to the user and metallic) and a vibrotactile device by Asano et. al [10], the majority of friction 

devices are implemented on top of touchscreens or tabletops [1, 20, 34, 223, 278], rather than 

everyday surfaces.  

To explore a novel, alternative, technique that circumvents these limitations, we propose 

Stick&Slip, a wearable device that can modulate the friction between the finger and many, 

everyday objects. We achieve this by depositing liquid droplets onto the finger to form an 

interfacial layer between the fingerpad and surface. By tuning the lubricating and adhesive 
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properties of the liquid coating, we can either increase or decrease the coefficient of friction by up 

to ±60%. Importantly, we identify liquids that influence friction, yet leave behind only minimal 

residue (such as alcohol which rapidly evaporates). While we acknowledge that depositing liquids 

onto the skin is an unconventional approach to haptics, it provides an alternative method that 

circumvents many of the limitations associated with prior work, enabling friction modulation of a 

wide range of objects and surfaces. To illustrate the applicability of our novel approach, we 

demonstrate how it adds friction-feedback in virtual/mixed-reality or, even, while using everyday 

tools. As the first work exploring the use of liquids for interactive friction modulation, we identify 

not only the benefits of this approach, but also the limitations (e.g., onset times, residues, etc.) via 

technical evaluations and a user study. Finally, we distill our findings into recommendations based 

on the benefits and limitations of this approach and discuss areas for future exploration.   

Ultimately, we see Stick&Slip as an exploration of alternative approaches for friction haptics—

an area that unlike pressure or force-based haptics, has not seen a plethora of technical alternatives.  

Our Approach: Stick&Slip 

Stick&Slip alters the friction of real-world objects by interactively applying liquid coatings onto 

the user’s fingerpad. We use liquids because they can alter the surface friction of nearly any non-

absorbent surface, enabling a wider range of augmented surfaces than possible with prior 

approaches. 

Working principle of Stick&Slip 

Figure 26 shows the working principle of Stick&Slip. When the user’s fingerpad contacts a 

surface, they immediately perceive its surface friction [276], which depends upon surface 

characteristics like roughness, surface energy, temperature, etc. [21, 191]. To alter the surface 

friction, we deposit a thin liquid coating between the fingerpad and the surface from a nail-worn 
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droplet generator, which acts as a physical buffer. We specifically mixed liquids that can decrease 

friction (“slippery”) or increase friction (which we refer to as “sticky”). Our slippery liquids 

(typically acetone and IPA) decrease the coefficient of friction by forming a lubricating layer that 

fills the space and irregularities between the skin and the surface, allowing the finger to glide 

smoothly over the surface with less friction than in a dry condition. In contrast, our sticky liquids 

(honey mixed with IPA) increase the coefficient of friction by forming an adhesive layer between 

the skin and the surface, causing the finger to feel more resistance when sliding over the surface.  

 

Figure 26. Our approach modulates surface friction via a (a) wearable droplet generator that (b) deposits slippery 

and/or sticky liquids, which (c) coat the fingerpad to form an interfacial layer that the finger glides on, altering the 

coefficient of friction. Moreover, (d) these liquids were engineered purposefully to, over time, evaporate and let the 

surface return to its original friction. 

Notably, for surfaces coated with liquids, the friction is almost independent of surface material 

[191]; therefore, the liquid coating influences the user’s perceived sense of friction regardless of 

the surface touched by the user. This is a key advantage of our approach: unlike prior approaches 

(electroadhesion and ultrasonic vibration), our liquid-based approach enables changing the friction 

of practically any non-absorbent object touched by the user.  Finally, to fully maximize our novel 

method of interactively altering surface friction, we selected & evaluated liquids that either 

evaporate entirely (e.g., mixed with alcohol) or which have residues that can easily be washed 

away with an antagonist fluid (e.g., sugar dissolved with water). Though our skin naturally leaves 

behind oil residues on surfaces we touch, our selection of fluid aims to reduce any additional 

residue (see Technical Evaluation). 
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Walkthrough: Stick&Slip in a Mixed Reality Application 

We demonstrate our concept in a mixed reality (MR) experience where the friction of real surfaces 

is altered. As shown in Figure 27, a user is wearing our wearable device in which thin tubes 

(mounted on the fingernail) deposit liquid droplets onto the fingerpad, which are pumped from 

reservoirs worn on the user’s wrist. Our device is self-contained (i.e., battery-powered, and 

wireless) and communicates with the HoloLens 2 headset via Bluetooth.   

 

Figure 27. Our user in MR wears our friction modulation device and interacts with real surfaces and objects. 

This user experiences a MR racing game where their index finger controls a car driving around 

a track on their table. Because our wearable does not cover the user’s fingerpad, they can feel the 

texture of their table and the different objects. For example, when the user slides their finger over 

3D-printed props corresponding to speedbumps in the game, they feel their ridged texture. As the 

user drives the virtual car with their finger around the track, in-game events trigger changes in 

surface friction. As shown in Figure 28: (a) a cloud rains on the track, leaving a virtual puddle. 

When, (b) driving through the puddle, they feel that the table is slippery and see their car spin out 

of control. This change in friction is caused by our device delivering slippery liquid to the user’s 

fingerpad, leading to a better match between virtual & physical sensations (see User Study). Our 

fluids rapidly evaporate and the surface friction returns to normal (e.g., on following laps, the table 

no longer feels slippery in this location).  



48 
 

  

Figure 28. (a) The user drives their car through a rain puddle and (b) our device deposits slippery fluid as their car 

spins out. (c) The user then quickly rounds a corner, but (d) slows down dramatically sliding through virtual honey 

as the user feels sticky feedback. 

Figure 28 (c) depicts as the user rounds a corner, a beehive drips honey onto the track; thus, 

(d) as the user drives through the virtual honey, they feel a resistance to sliding. This increase in 

surface friction is caused by our device delivering sticky liquid to the user’s fingerpad. Like how 

one feels after getting fruit jelly on one’s skin, our sticky liquids use dissolved sugars to increase 

the friction between the finger and surface via adhesion. However, unlike jelly, our sticky liquids 

are designed to quickly evaporate. As our liquids evaporate, they leave behind a thin film of 

adhesive residue. Importantly, this residue is significantly lower in sugar (i.e., ~2-30wt% 

compared to 70wt% in jelly) and its stickiness decreases over time (dry sugar is not sticky). 

Moreover, any sugar residue can be easily dissolved using water, which our device can also deliver 

(see Experiments). 

The user keeps racing and experiences more stick & slip effects, as depicted in Figure 29: (a) 

slowed by an opponent that sprays virtual green goo onto the track, or (b) losing control of their 

car due to virtual ice on the road. 
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Figure 29. Surface friction effects rendered by our device, e.g., slowed down by resistive slime or losing control on 

slippery ice. 

Importantly, our approach enables friction modulation on nearly any non-absorbent surface, 

allowing us to alter the friction of everyday objects (without instrumenting them with actuators). 

Figure 30 depicts this: (a) a virtual boost effect (slippery fluid) makes it feel easier to glide up the 

physical ramp prop, while (b) a virtual wind effect (sticky fluid) makes the physical speedbump 

props feel more obstructive. 

 

Figure 30. Our device alters the friction of everyday objects, such as on top of this toy ramp or speedbumps.  

Related Work 

Our work builds upon devices that provide friction feedback. With a goal of haptic ubiquity, we 

focus on wearable approaches, especially those that can overlay haptics on real-world surfaces 

(e.g., [8, 258, 279]). Additionally, we reflect on recent alternatives to traditional actuators (e.g., 

liquid chemicals), which aligns with Stick&Slip’s ethos. 

Non-wearable Friction Devices 

The most traditional approach to achieving friction feedback is by adding actuators to surfaces. 

There are four methods that have been commonly used. 
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Mechanical devices have long been used to generate resistive forces like those presented by 

friction. For example, the Haptic Tabletop Puck presented a tangible with a retractable rubber 

stopper that increased friction when dragged on a surface [144].  

Vibration devices are commonly used for tactile feedback and simulating surface properties, 

typically integrated into flat surfaces and tablets. By vibrating the surface at high frequencies, the 

finger only intermittently contacts the surface, leading to a reduced coefficient of friction [128, 

278].  

Electroadhesion devices increase friction by electrostatic adhesion [155, 223, 224]. 

TeslaTouch [20] popularized this approach, using an electrostatic charge on a touch panel to 

increase attraction between the surface and finger. Others combined electroadhesion with 

ultrasonic vibration to achieve both increasing and decreasing friction [95]. Haptidrag [157] used 

a novel electrode arrangement to augment tangibles with electroadhesion friction feedback on real 

surfaces, although its underlying principle limits the surface materials, e.g., no metals or plastics.  

Temperature-triggered mechanisms for friction changes have recently been explored. 

StickyTouch [94] is a surface with variable stickiness from temperature-sensitive tape that 

undergoes a dramatic increase in adhesion above a transition temperature. Others found that the 

friction between skin and glass can be controlled by simply heating certain regions, due to the 

skin’s temperature dependent viscoelasticity and moisture content [34].  

Considering the goal of ubiquitous haptics, non-wearable approaches face a particular 

challenge: adding actuators onto every object is impractical due to cost, size, and power 

consumption [151]. While these approaches lend themselves well for use in tablets and other 

standalone devices, they do not easily scale to the demands of haptics for mixed reality. As such, 
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a more pragmatic solution to scaling haptics may be to instrument the user (rather than the 

environment) so that the actuator accompanies the user anywhere that haptics is needed. 

Wearable Friction Devices 

Wearables offer a solution to providing haptics at scale because they are always with the user and 

do not require further instrumentation. The common approaches use similar actuators to their non-

wearable counterparts. 

Mechanical wearables include devices like Frictio [75], a ring with motor-controlled 

rotational resistance as an eyes-free information display. Similarly, FrictShoes [254] proposed 

wheeled shoes with brakes for simulating the sensation of walking on surfaces with different 

frictions in VR. Some have simulated the sense of friction via skin stretch on the fingerpad by 

placing motors around the finger and end effectors on the pad [197, 209, 219].  

Vibration wearables include devices like HapCube [111], which generates tangential pseudo-

forces (that can be interpreted as friction to users) by means of asymmetric vibrations [166, 203].  

We take inspiration from wearable approaches to rendering friction but identify a key 

challenge: in most cases, the body is instrumented with actuators that impair interactions with real-

world objects. While these approaches work well in VR, these cannot overlay friction onto real-

world objects, a key goal in MR haptics [11] and also our focus. To solve this, we need devices 

that leave the fingerpad free to feel both physical and virtual sensations. 

Fingerpad-Free Friction Devices 

REVEL [19] laid out the vision for friction modulation in MR by expanding electroadhesion to be 

applicable to everyday applications outside of using tablets (e.g., mixed reality, tangibles, etc.). 

REVEL proposed reverse electrovibration, where rather than charging the surface, charge is 

applied to the user, enabling feeling friction changes when interacting with metallic, grounded 
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objects. REVEL scales to objects in one’s surroundings, as long as the objects have been coated 

in layers of conductive electrode and insulation. We draw inspiration from REVEL’s approach 

while aspiring to eliminate all object-side instrumentations. 

Alternatively, Asano et. al [10] developed a vibrotactile device that leaves the fingerpad free 

and modulates roughness of real surfaces, which is related to surface friction. Because this 

approach is based on tactile masking of the real-world, the technique requires strong vibrations 

that the authors note to interfere with the “natural fusion of real and artificial stimuli” [10]. Our 

work is motivated by this challenge and aims to build upon wearable and scalable haptic devices 

by improving upon the sensory consistency between real and artificial stimuli. 

Both REVEL and Asano et. al made great conceptual strides towards friction modulation 

anywhere. However, we speculate that to go beyond the capabilities of conventional actuators, a 

less conventional route may be needed. Thus, we explore friction modulation on a wide range of 

surfaces via coating the user’s fingerpad with liquids. 

Chemicals as Alternatives to Traditional Actuators 

In recent years, there has been a push to experiment with different approaches to influencing 

perception, such as with chemicals, to overcome challenges of traditional actuators [27, 70, 101]. 

For example, Chemical Haptics proposed using liquid stimulants as an alternative to Peltiers, 

vibromotors, and electrotactile stimulation [139]. We draw inspiration from the ethos of these 

works when we explore using liquids as opposed to traditional actuators for friction modulation. 

Water as a touch medium has been investigated in HCI [69, 187, 206]. However, to the best of 

our knowledge, liquid lubricants and adhesives have not been investigated within an interactive 

context. While unconventional, we demonstrate that carefully chosen liquids can circumvent many 
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of the limitations associated with prior approaches to variable friction, enabling friction 

modulation of a wide range of objects and surfaces. 

Benefits, Contributions, and Limitations 

Our key contribution is that we propose, explore, and engineer a new approach to friction 

modulation based on liquid droplets that coat the fingerpad. Our approach provides three key 

benefits: (1) It enables altering friction on a wide range of surfaces and geometries, making it 

possible to modulate nearly any non-absorbent surface; (2) Since our device is a wearable, friction 

modulation easily scales to many objects in the environment; (3) It can both increase and decrease 

surface friction using a single hardware device. Ultimately, we see Stick&Slip as an exploration 

of alternative approaches for friction haptics, an area that unlike pressure or vibrotactile haptics, 

has not seen many alternatives. 

Our approach is not without limitations: (1) Liquids are ineffective in absorbent materials (e.g., 

fabric); similarly, there are edge case materials that resist our approach (e.g., “non-stick” surfaces 

such as PTFE onto which not even a gecko can adhere [84]) or are incompatible with solvents 

(e.g., acetone can strip some surface finishes [204]); (2) Because our sticky fluids are diluted to 

enable faster evaporation, they first feel slightly slippery to the user before increasing in friction 

as their solvent evaporates; (3) While our approach delivers small droplets, their wetness can be 

noticed in some use cases. That said, we strive to characterize these limitations so that we can 

reduce them and improve the overall interaction experience. Further insights into understanding 

these limitations, best practices, and areas for ongoing investigation are detailed in our 

Recommendations and Future Work section. 
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Finally, we are not proposing to replace existing friction modulation techniques such as 

electrostatics and vibration, but rather we aim to widen the range of objects and surfaces that can 

be modulated with a new approach. 

Implementation 

To help readers replicate our design, we now provide the necessary technical details. The key 

components of our haptic device are the finger-worn droplet generator, the pumps, and the control 

electronics, as shown in Figure 31. Our wearable device uses its pumps to draw liquids from their 

reservoirs (worn as a bracelet around the wrist), through tubing, and then to the holes that generate 

droplets on the skin. 

 

Figure 31. (a) Our nail-worn droplet generator. (b) Our bracelet device and its components. (c) Electronics 

schematic of our PCB.  

Finger-worn Droplet Generator  

We wrap y-split channels around the sides of the finger, there the channels narrow from 1mm to a 

0.5mm nozzle that pinches the fluid into a droplet (droplet size: ~15uL). These droplets run down 

the side of the finger and coat the fingerpad. The nozzle diameter is small enough such that shaking 

the device or touching a surface does not cause leakage.  Importantly, our droplet generator keeps 

the user’s fingerpad free to feel real surfaces—even if fingers are slightly wetted from friction 

modulation, they still feel some of the surface’s texture [65]. The droplet generator weighs 0.35 
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grams and is adhered to the fingernail with double-sided tape. We use silicone tubing for sticky 

liquids and PTFE tubes for slippery liquids (to prevent evaporating through silicone).  

Pumps, Sensors, and Microcontroller 

At the core of our device is an ESP32C3 microcontroller (Seeeduino Xiao), which communicates 

with external applications (e.g., MR experiences) via Bluetooth LE and is responsible for 

controlling the micropumps. Our entire wearable device weighs 60 grams including filled liquids. 

We also piloted a three-channel version by adding another pump, tubing, and y-split in the droplet 

generator to include a channel for depositing water to wash away sugar (as shown in Figure 31a). 

For the sake of miniaturization, our final device uses just two channels (sticky/slippery). 

Pumps. We use peristaltic micropumps (Takasago RP-Q) to pump our liquids from their 

reservoirs to the droplet generator. These specific pumps were chosen for their siphon prevention 

(i.e., liquid cannot be shaken or sucked out preventing accidental fluid discharge, unlike 

piezoelectric diaphragm pumps). We run our pumps at 3.7V via DRV8837 H-Bridges and control 

fluid volume based on timing (adding thermistors or flow meters to close the loop is possible, but 

we found in pilots that these pumps are consistent even in open loop). We found that 1 second of 

pumping is sufficient to coat the fingerpad, which is what we use in typical interactions. Given our 

1mL fluid reservoirs and our pump flow rate of 1mL/min, our device enables 120 interactions (60 

droplets x 2 channels). This number is proportional to the reservoir size (e.g., a 2mL reservoir will 

double interactions). 

Battery life. Our 350mAh battery fits directly under our custom PCB. Since our pumps are 

low-power (3.7V x 80mA = 0.3W), the battery life is >4 hours of continuous pumping. However, 

as outlined above, we only need to pump fluid for ~1 second to coat the fingerpad. Therefore, our 

battery tends to last a full day of on-demand use. 
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Latency. The total latency of our device is ~200ms as measured by a highspeed camera, i.e., 

from a keyboard trigger in Unity to a droplet beginning to dispense. This overall latency includes 

Unity/OSC/BLE communication (~40ms), microcontroller (<10ms), and pump (~150ms). 

Developing our Friction-Modulating Liquids 

There are two primary factors that influence a fluid’s frictional characteristics: viscosity and 

surface energy. Increased viscosity leads to greater resistance to flow, while increased surface 

energy leads to greater adhesion and cohesion [61, 238]. As such, we experimented and selected a 

set of liquids with various viscosities and surface energies aiming to find fluids that induce sticking 

and slipping. As a subgoal, we uniquely want fluids that can either quickly evaporate away or 

whose effects can be negated by another fluid, so that we may interactively switch between 

frictions. As this is a first work in using liquids for interactive friction modulation, we detail the 

rationale for selecting candidate fluids: (1) We chose only from fluids deemed skin-safe (i.e., found 

in commercially-available healthcare products), which ruled out UV-curable resins and chemically 

corrosive fluids. (2) We selected only fluids that are relatively clean to deposit into environments, 

which eliminates fluids that cause miscoloring such as liquid metals—all our fluids are clear and 

were colored only for visibility in photos. (3) We chose only from fluids that can be easily pumped, 

which rules out very viscous fluids like pure honey or silicone damping fluids. (4) We did not 

choose fluids that require hardware beyond pumps (e.g., skin-safe super glue requires a closing 

mechanism to protect it from curing in air). (5) We did not choose liquids that are not liquid at 

room temperature (e.g., hot glue). This yielded the following set of initial fluids that we evaluate 

later: 

Isopropyl Alcohol. While not commonly regarded or studied as a lubricant, isopropyl alcohol 

(IPA: 99.9% v/v) acts as a slippery liquid while also offering a rapid rate of evaporation. This is 
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highly desirable for our use case—IPA can lubricate a surface to make it feel slippery and then 

evaporate away without a trace. If the user touches the surface after the liquid has evaporated, it 

will feel as though it had never been lubricated. IPA is skin-safe under normal use [83, 115], but 

can lead to dry skin when the skin is exposed to high volumes of fluid for a long time (e.g., 20mL 

for 1 hour [115]); this exposure level required for extreme dryness is considerably higher (>1000x 

the volume) and longer than that of our droplets, which evaporate in minutes as shown in 

Experiment 2. Moreover, widespread clinical studies have found IPA to be less irritating to the 

skin than hand washing with detergents [134, 244]. Thus, it is commonly found in hand sanitizers, 

cosmetics, and household cleaning products. Similarly, isopropyl alcohol is compatible with a 

wide range of surfaces spanning metals, glass, electronics, and most plastics. It should be noted 

that some plastics and surface finishes are degraded by alcohol and are thus incompatible with IPA 

[135].  

Acetone. Acetone is a solvent that can act as a lubricant, but with a faster rate of evaporation 

than IPA. This makes it a great candidate for interactive applications in which the friction must 

only be briefly reduced.  Acetone, like IPA, is skin-safe under normal use. While acetone is 

commonly thought to lead to dry skin [141, 309], studies in dermatology have found that it does 

not disrupt the skin barrier, even when exposure is much greater and longer than used in our 

application (e.g., a cotton ball soaked in acetone applied for >12 mins continuously) [2, 207]. It is 

commonly found in nail polish remover, often accompanied by additives such as glycerin to ensure 

skin moisturization [31, 171]. While acetone has the advantage of rapid evaporation, it should be 

noted that it is a stronger solvent than IPA [204]. Thus, if a material is incompatible with acetone, 

IPA may be used as an alternative. 
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Honey-IPA Solution. Honey is well-known for its viscosity and stickiness owing to sugar’s 

hydrogen bonds with water [266]. Unfortunately, honey’s viscosity makes it difficult to pump. 

Therefore, to create a sticky liquid, we dilute honey with IPA to reduce its viscosity. Importantly, 

honey’s stickiness remains despite being diluted (as we show in our Technical Evaluation, just 

2wt% honey can cause a 50% increase in static friction). Because we dilute honey with a solvent, 

the honey can effectively coat the fingerpad. As the IPA evaporates, it leaves behind a thin, 

adhesive film on the fingerpad. Importantly, we chose honey because it is water-soluble; thus, it 

can simply be washed away with water after use, returning the fingerpad and surface to their 

original friction. Note, we chose IPA (IPA: 70% v/v, water: 30% v/v) as the solvent rather than 

acetone because sugar water is insoluble in acetone. This is beneficial: slippery liquids that do not 

rehydrate sugar residue prevent accidental stickiness.  

Thickened Water. Water can be made into a viscous gel with a very small amount of 

thickening agent (e.g., 1 wt% of Xanthan gum, a food-grade polysaccharide). Despite the small 

concentration of thickening additive, it feels adhesive to the touch while very little residue behind. 

Additional safety measures. We exclusively applied our liquids in small droplets (~15 uL) to 

the fingerpad, with brief exposure times enabled by rapid evaporation. This approach mitigates 

potential side effects, notably dry skin. Moreover, the small volumes employed, coupled with the 

direct delivery of droplets to the side of the fingerpad, not only ensures immediate coating but also 

minimizes the risk of inhalation or application to other skin areas. 

Experiments 1-4: Fluid Friction and Practicality 

To understand the effects of our candidate liquids on friction as well as their practicality (i.e., how 

long do their frictional effects last?), we performed four technical experiments. We then apply 

these findings to our user study where participants experienced our approach in an interactive 
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context. To our knowledge, these experiments have not been performed in related work. Thus, we 

designed these to focus on our specific application of temporary friction modulation between a 

finger and surface. 

To aid the reader in understanding the four technical experiments we conducted, we present an 

overview of their results: In experiment 1, we measured the fluid effects on friction 

coefficients: we found the greatest friction reduction from oil, IPA, and acetone, and the greatest 

friction increase from sugar water, 30wt%, and 2wt% honey in IPA; In experiment 2, we 

measured the fluid evaporation rates: we found that acetone, IPA, 2wt%, and 30wt% honey in 

IPA evaporated the fastest, and we eliminated oil, water-based lube, water, and sugar water for 

their poor evaporation; In experiment 3, we measured friction over repeated trials: we found 

that acetone and IPA initially decreased friction, then returned to the baseline. We found that 2wt% 

and 30wt% honey in IPA caused stickiness faster than thickened water; finally, in experiment 4, 

we measured washing away residue: we found that water washes away sugar residues, where 

effectiveness increases with water volume.  

Experiment 1: Fluid Effects on Friction Coefficients 

To determine the extent to which each of our candidate fluids impacts the coefficient of friction 

between surfaces, we built a mass-pulley tribometer, as illustrated in Figure 32. By increasing the 

load of the hanging mass, a sliding mass approximating the finger’s frictional properties slides 

across the surface. The coefficient of friction can be calculated by measuring the block’s 

acceleration along with the hanging mass. For each fluid, 10uL of liquid was pipetted between the 

testbed surface and the sliding block. We evaluated both the static and kinetic friction coefficients 

for nine potential liquids: (1) sugar water (66.6wt% sugar), (2) 30wt% honey in IPA, (3) 2wt% 
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honey in IPA, (4) thickened water (1wt% xanthan gum), (5) water, (6) water-based lubricant 

(Shibari), (7) acetone, (8) IPA, and (9) oil (3-IN-ONE Multi-purpose).  

 

Figure 32. We built a mass-pulley tribometer to mechanically evaluate the effect of our liquids on coefficient of 

friction. 

Our sliding mass approximated the finger’s frictional properties during a light, exploratory 

touch. The sliding mass weighed 25g. To approximate skin, the bottom of the sliding mass was 

coated in polyurethane (commonly used in mechanical approximations of the skin [41], Smooth-

On KX Flex 40). The surface area of the block was 20mm2 to approximate the contact area of a 

fingerpad under 25g of compression [49]. The testbed was made from smooth acrylic (note that 

for well-lubricated surfaces, the friction coefficient is nearly independent of the material [191]). 

Prior work in contact mechanics indicates that the friction coefficient for an index fingerpad on 

acrylic under 25g and sliding at low velocity is ~1.60 [3, 125]. In our testing, we found our sliding 

mass to be a reasonable approximation for a finger because its kinetic coefficient of friction on 

acrylic measured 1.6±0.125 over 25 trials. 

Static friction procedure. First, we tested the effect of liquids on the coefficient of static 

friction, determined by finding the minimum force required to initiate sliding. To do so, the 

hanging mass was slowly increased by pouring sand into a suspended cup (~1.5grams/sec). Once 

the mass began to slide, a hardware limit-switch was released, and no more sand was added. The 

hanging mass was then weighed. The static coefficient of friction is calculated by taking the ratio 

of the hanging mass to the sliding mass. For each liquid, five trials were performed, and the 
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apparatus was cleaned between trials; we confirmed the cleaning effectiveness by measuring and 

comparing it to the no-liquid baseline value.  

Static friction results. Figure 33 (a) shows change in static friction coefficient that fluids 

achieved (relative to a no liquid baseline, the surfaces’ original friction). We found greatest 

reductions in static friction from oil (-62.9±3.3%), IPA (-59.7±2.9%) and acetone (-59.2±4.3%), 

while the greatest increases in static friction were found from sugar water (83.0±15.7%), 30wt% 

honey in IPA (78.3±16.1%) and 2wt% honey in IPA (56.1±9.5%). Note that because there is an 

onset time for sticky liquids, we depicted maximal values (see Repeated Trials for a 

characterization of this onset).  

 

Figure 33. Relative changes in: (a) static friction, and (b) kinetic friction for each fluid.    

Kinetic friction procedure. As we are interested in sliding interactions, we measured the 

kinetic friction coefficient, which can be determined by finding the acceleration of the sliding 

block. To do so, we apply a hanging mass equal to the average mass that initiated sliding for each 

fluid in our earlier static experiment. When the mass begins sliding, the start limit switch is released 

and the block slides into the end limit switch. The distance (6cm) and time difference between 

triggering the switches is used to calculate the block’s acceleration (𝑎𝑎 = 𝑑𝑑/𝑡𝑡2). The kinetic friction 

coefficient is then calculated using: 𝜇𝜇𝑘𝑘 = (𝑚𝑚2𝑔𝑔 − (𝑚𝑚1 + 𝑚𝑚2)𝑎𝑎)/𝑚𝑚1𝑔𝑔. 
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Kinetic friction results. Figure 33b shows the relative change in kinetic friction coefficient 

for each liquid. As shown, the overall trend held between the static and kinetic friction tests. 

Considering that friction coefficients span a small range (i.e., typically from 0.0 to 4.0), even a 

±30% change is dramatic. 

Experiment 2: Evaluating Fluid Evaporation 

With a goal of using liquids to alter friction interactively, we aim to choose liquids that not only 

alter sensation, but are also practical, i.e., evaporate quickly and leave minimal residue so that we 

may design applications that can switch easily between sensations. Thus, we measure the weight 

of a fluid droplet over time, to characterize its evaporation.  

Procedure. To measure the rate of evaporation, we pipetted a 10uL droplet onto a plastic 

weigh tray and placed it inside a lab-grade scale (Mettler Toledo, 0.0001g precision). The droplet 

weight was recorded every 30 seconds. 

Evaporation results. Figure 34 shows the relative remaining droplet mass after five and 60 

minutes (only two points depicted for clarity, measurements taken at 30s intervals).  

 

Figure 34. Fluid evaporation at two points (5 and 60 minutes). 

We found that solvents like acetone and IPA evaporated the fastest and left behind no residue. 

The second fastest evaporating group of fluids were solvents containing honey, where a lower 

concentration of honey resulted in faster evaporation. Notably, the solvents evaporated out of these 
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mixtures leaving behind residue of approximately the mass of the honey contained within the 

mixture along with retained water (after 60 mins, 2wt% honey had 3.4% remaining mass and 

30wt% honey had 32.4% remaining mass). Water-based liquids evaporated slower than solvent-

based liquids, where thickened water evaporated faster than water, which itself evaporated faster 

than water-based lubricant. Finally, oil showed no signs of evaporation in 60 minutes.  

Eliminating unsuitable fluids. At this point, we found that oil, water-based lube, water, and 

sugar-water do not evaporate rapidly (i.e., the four slowest evaporations in Figure 34). Moreover, 

given that we found that solvents had comparable lubricating properties in our previous experiment 

and that these solvents evaporate rapidly, we deem oil, water-based lube, water, and sugar-water 

as no longer fluids of interest. That said, these may still have niche use cases, which we elaborate 

upon in Recommendations and Future Work. 

Experiment 3: Fluid Friction over Repeated Trials  

Having characterized each fluid’s maximal effects on friction along with their evaporation rates, 

we now look to characterize friction and evaporation in conjunction over multiple sliding motions. 

Additionally, we aim to shed light on the timing (onset and offset) of each fluid’s effects. 

Procedure. We used the same apparatus and procedure described in Static Friction. However, 

instead of cleaning the testbed and sliding block after a single trial, we placed the sliding block 

back on the starting position and tested the static friction again. After a droplet was placed on the 

block, sliding was repeated 10 times. Each time, the block slid 6cm, for a total distance of 54cm.  

Repeated trial results. Figure 35 shows the relative change in friction for each fluid over the 

sliding distance (each point represents the average of 5 trials). We found that all our fluids cause 

an initial reduction in the static friction, with solvent-based fluids being the most lubricating. 

Acetone and IPA return to approximately the no-liquid baseline as the fluid evaporates. The fluids 
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containing honey and xanthan gum result in increased friction after sufficient spreading of the fluid 

during sliding and evaporation. 

 

Figure 35. (a) Fluid friction over repeated trials (distance in cm); and (b) offset/onset distance (i.e., the sliding 

distance required for a slippery sensation to disappear or a sticky sensation to appear). 

On/offset results. To understand how the onset/offset times of friction changes affect 

perception, we contextualize them within psychophysics literature by comparing to established 

just-noticeable-difference (JND) values. Specifically, the Weber fraction for surface friction is 

known to be ~11% [63]. Therefore, we can determine the sliding distance required for a change in 

friction to be felt, as depicted in Figure 35b.  All tested liquids initially reduce friction greater than 

11% and thus immediately feel slippery. In the case of liquids that intentionally are slippery, we 

aim to select for those that can quickly return to within 11% of the baseline friction coefficient 

(determined with linear interpolation), i.e., the slippery effect has disappeared, and the surface 

feels unaltered. In the case of IPA, we found that after 44.7cm, the change in static friction returns 

to within 11% of the original. Acetone exhibited a faster return to baseline friction, at just 5.7cm. 

This suggests that acetone is better for brief lubrication, while IPA can provide a sustained 

sensation for the same dispensed volume (while still disappearing over time). While sticky liquids 

initially reduce friction by a small amount, after some sliding and evaporation, they dramatically 

increase friction. Therefore, we are interested in how long it takes for sticky liquids to perceivably 

increase the friction by more than the 11% JND. We found that 2wt% honey in IPA took the 
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shortest distance (14.7cm), followed by 30wt% honey in IPA (18.2cm) and thickened water 

(44.7cm).  

These are conservative estimates. We discuss the implications of these timings in 

Recommendations but it is important to note that mechanical analysis results in very conservative 

estimates of performance: (1) we slid the block repeatedly over the same path as opposed to one 

continuous long slide (worst-case scenario); (2) our elastomer skin does not absorb any fluid unlike 

actual skin [139]; and (3) our sliding block is at room temperature, while our skin is significantly 

warmer which aids in fluid evaporation [160]. 

Eliminating unsuitable fluids. Because thickened water has a long onset time to increasing 

friction, we eliminate it, but discuss other potential uses for it in Recommendations. 

Experiment 4: Washing Away Sticky Residue 

As we found in our second experiment (Figure 34), sticky liquids leave residue behind due to sugar 

content. Moreover, our third experiment (Figure 35) found that, in the short-term, this residue 

increases friction as long as it retains water (dry sugar is not sticky). While waiting for this 

stickiness to naturally dry might fit some applications, we argue that understanding whether this 

process can be sped up is of value for a wider interactive application of our concept. To tackle this, 

we propose using water to dilute and dissolve away sugar residue. To this end, we conducted an 

experiment.  

Procedure. On sticky liquids, we performed static friction tests until the friction reached 

within 5% of the peak reported in our first experiment (Figure 33). Then, we added 10uL or 20uL 

of water and continued performing static friction tests.  

Washing stickiness results. We found that without washing, the friction decreases over time 

for both 30wt% and 2wt% honey in IPA. Adding water causes an initial decrease due to lubrication. 
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Then, the water dissolves the sugars, and the friction decreases toward the baseline condition, 

where more water led to greater reduction in friction. Moreover, we also confirmed that using 

acetone and IPA as wash fluids also reduced the stickiness immediately, but the stickiness 

eventually rises back to peak values as the solvents evaporate without having diluted the sugars.  

 

Figure 36. Applying water to sticky surfaces reduces friction. 

Summary of Findings and Narrowing the Best Liquids 

Our four experiments characterized fluids based on their ability to modulate friction and their 

practicality. While all fluids we investigated offer unique properties which we discuss in 

Recommendations, we optimize for our applications (requiring strong modulation changes while 

being easily removed). As such, we selected 30wt% honey in IPA as our sticky fluid and acetone 

as our slippery fluid for all our interactive applications.  

Experiment 5: User Study on Interactive Use  

While our first experiments examined our fluids’ effects on friction along with their 

evaporative properties, our final experiment focused on observing our approach in an interactive 

application. Specifically, we assess the extent to which our approach influences the sense of 

immersion and enjoyment in a mixed-reality experience with physical surfaces and props. Our 

main hypothesis for this study was that the MR experience with Stick&Slip would feel more 

immersive and enjoyable than a baseline without our device because of the haptic experience. 
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Conditions. Participants experienced two interface conditions in counterbalanced order: (1) 

Stick&Slip (worn on the right-hand index finger and wrist) and (2) a no-haptics baseline in which 

participants did not wear our device. We chose this baseline rather than depositing a “neutral” fluid 

because any fluid, even water, still causes changes in friction, as found in our experiments and 

literature [173]. Additionally, the baseline depicts the current state of MR with passive props. 

Wearable devices offer the benefit of always-available haptics, often at the expense of, to some 

extent, encumbering the user. To assess whether adding our liquid-based friction haptics to mixed 

reality justified this encumbrance, we compared between our device and a no-haptics baseline. 

Participants. We recruited twelve participants (seven identified as female, five as male, 

average age of 23.4 years old, SD=3.3). Participants received $10 for their time.  

Apparatus. We built a prop-based MR experience to evaluate our device as shown in Figure 

37. Specifically, as informed by our prior experiments, we tested this experience using acetone as 

a slippery liquid and 30wt% honey in IPA as a sticky liquid. In the experience, participants wore 

a Microsoft Hololens 2 MR headset. The table was made of acrylic to minimize issues with the 

Hololens’ hand-tracking.  

We designed the timings of pumping our liquids based on the results of Experiment 3: (1) 

Slippery sensations produced by acetone: Because there is no onset time for slippery liquids to 

reduce friction, we pump for one second immediately when a user’s finger enters a slippery zone. 

(2) Sticky sensations produced by 30wt% honey in IPA:  Sticky liquids have an onset distance 

due to time required for fluid to evaporate and leave behind a sticky film. Informed by Figure 35, 

we designed our experience to begin pumping 30wt% honey in IPA approximately 18cm before 

the effect appears so that it feels sticky when the user reaches it. 
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Figure 37. Study 2’s apparatus: a mixed reality experience with physical props (image taken from 3rd person 

perspective). 

Procedure. We utilized our MR racing experience, in which participants drive a virtual car on 

a track by dragging their finger (the same application described in our Walkthrough). In this 

version of the MR racing game, participants experienced eight surface haptic events (rainfall, ice, 

slime, and honey—each was presented twice). Each trial took ~10 minutes and participants were 

interviewed between trials. Interviews consisted of Likert ratings (1-7 scale) of the experience 

(immersion, enjoyment, sensory engagement [226, 251]) along with open-ended questions 

regarding what contributed to their experience. Participants’ fingers were cleaned with soap and 

water before each trial. Finally, besides these virtual effects, participants also experienced physical 

props, such as the texture of the table, 3D-printed speedbump props and an acrylic ramp prop.  

Results. Figure 38 presents our main findings. After testing the Likert data for normality, we 

used a Mann-Whitney test (two-tailed) to test our hypothesis that Stick&Slip leads to improved 

experience. We found significant differences between the two interface conditions, where 

Stick&Slip received greater ratings than the baseline for immersion (p<0.001), enjoyment 

(p<0.001), and sensory engagement (p<0.001). Moreover, all twelve participants indicated that 

they preferred the Stick&Slip condition over the no-haptics baseline. Altogether, this supports our 

main hypothesis that Stick&Slip improves the experience.  
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Figure 38. (a) Participants’ ratings for both conditions. Error bars show standard deviation. (b) Participants’ 

preference. 

Qualitative Feedback. We analyzed all responses to our questionnaire. First, all participants 

felt that friction haptics added to the experience. To illustrate this, P10 stated “when touching one 

single surface, you don’t feel much but now with different road situations its quite interesting.” P2 

& P6 both stated that the device made them want to explore tactilely and P9 expressed that it 

“sparked more childish excitement.” While one may expect some potential novelty effect, all 

participants preferring Stick&Slip gives some indication that participants felt the fluids were not 

unpleasant and added to the experience; for example, the liquids “added a whole other dimension 

to the game through sensations” (P6 & P4). This suggests that the gain in immersion was worth 

the cost of wearing our device. 

Beyond adding haptics, five participants expressed a desire for “the digital and physical to 

correspond” (P11). P5 explained “seeing the visuals line up with the feeling led to better 

immersion”. P7 noted that “the ice felt slippery” and that their “finger went faster than expected”. 

Similarly, P9 stated, “if I were driving through ice, it’s how I’d expect it to be”. Along this line, 

P8 recalled that “[I] felt a sense of traction going through honey effect”.  
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Our haptics also influenced how participants experienced props on the track. For example, P1 

felt that it was harder to go up the ramp after going through slime. Similarly, P3 & P9 felt the ramp 

was more slippery after it had rained.  

Finally, our approach is not without limitations and participants’ responses also indicate 

opportunities for further research. First, two participants (P1 & P9) noted feeling that the ice and 

rain felt cold, likely either from acetone’s evaporative cooling or from a pseudo-haptic effect 

driven by the visual suggestion (P1 noted the ice felt colder than the rain, despite identical actuation 

parameters). Second, three participants noted that they felt a delay between the sticky visuals and 

the sticky sensation. Third, only two participants noted feeling any residue, despite us opting not 

to use any wash fluid during the MR experiment, suggesting that once the sugar has dehydrated, it 

is no longer perceived as sticky. No participants commented on any odors originating from the 

fluids, which suggests that no odors were perceivable (e.g., from possible vapors of the liquids as 

they evaporate). Finally, no participants reported any dry skin or irritation. 

Further Applications for Stick&Slip 

To illustrate the versatility of our approach, we implemented two additional and unique 

applications in which we use Stick&Slip to enhance user experience via variable friction.  

VR using Static Props with Dynamic Friction  

Figure 39 depicts a VR escape room experience in which the user needs to repair three pipes to 

open the next door. When a pipe cracks and sprays water, the user must place their hand on the 

crack to stop the water, which will now feel slippery via our device rendering the virtual water 

with real water droplets. To patch the pipe, the user turns around, dips their finger into virtual 

sealant putty, and returns to rub it over the crack. The user then discovers that another pipe has 
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rusted and feels the rust's roughness rendered by our sticky fluid. To remove the rust, the user 

sprays a dissolver and rubs the pipe until the rust sheds off, feeling the pipe's surface return to its 

smooth texture as our device washes this stickiness with water. 

 

Figure 39. Stick&Slip adds friction feedback to VR with props.  

We use this example of enhancing VR with props to demonstrate a key benefit of Stick&Slip: 

no existing technique can both increase or decrease surface friction on a prop of this size and 

material (not electrically conductive).   

Augmenting Friction of Everyday Tools 

We leverage liquid lubricants and adhesives because they modulate the friction of nearly any non-

absorbent surface without the need for any surface instrumentation. Therefore, our approach can 

alter the friction of everyday objects and tools. Figure 40 (a-b) demonstrates our first example of 

how Stick&Slip can alter friction while interacting with everyday tools. Here, a user is tightening 

a nut with a digital torque screwdriver (Figure 40a). When they reach the maximum allowable 

torque, our device deposits slippery liquid, causing the user’s fingers to slip off the tool and stop 

tightening (Figure 40b). This provides an additional haptic cue when maximum torque is reached. 
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Figure 40. Stick&Slip with tools: (a) A user tightens a nut via a digital torque screwdriver. (b) At the maximum 

torque, our device pumps slippery liquid to provide an additional haptic cue. (c) A user unsuccessfully tries to open 

their glue. (d) The user activates on-demand stickiness, which increases friction and improves grip, (e) which assists 

the user to unscrew the cap. 

Figure 40 (c-e) depicts a second example of altering the friction of everyday tools. Here, our 

device can improve users’ grip. The user tries to unscrew a stuck glue cap but is unable (Figure 

40c). They activate Stick&Slip on-demand via their smartwatch, which coats both their index and 

thumb’s fingerpads (Figure 40d). This improves their grip on the cap, assisting them to ultimately 

unscrew the cap with less effort Figure 40e). 

Each of these examples demonstrate that our device can augment everyday tools with variable 

friction, providing cues and aid to the user. This highlights another benefit of Stick&Slip: it would 

be impractical to augment these tools with any other existing approach (i.e., coating/grounding 

every tool for electroadhesion).  

Recommendations and Future Work 

We now condense our recommendations based on the benefits and limitations of our approach, as 

informed by both our technical evaluation, user study, and pilots. 

Timing. Because our sticky fluids are diluted with solvents like IPA to enable greater 

evaporation, they first feel slightly slippery to the user before their dramatic increase in friction as 

the solvent evaporates. Therefore, it is important to design with this in mind. We conservatively 

characterized this delay in our Experiments and used it to design our MR experience. For example, 
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depositing sticky fluid on top of the ramp prop in anticipation of an upcoming sticky event did not 

interfere with immersion because participants felt that the initial slipperiness corresponded to 

sliding down the ramp. Similarly, we investigated liquids with a range of evaporation rates. While 

we implemented further studies and applications using fluids with rapid evaporation, there is 

opportunity considering liquids that intentionally leave a trail of liquid as a feature of the 

interaction. 

Residue. Sticky liquids may leave residue in proportion to the added sugar. Once water has 

evaporated from this sugar, it is no longer sticky, but this is slower than desired for most 

interactions. Thus, based on our technical experiments, performance can be improved by either 

adding a third channel or opting to use a water-based liquid as the slippery liquid, which can also 

serve the dual purpose of acting as a washing fluid. 

Wetness. Our approach to friction modulation might also be accompanied by a sensation of 

wetness. Surprisingly, only two participants mentioned this (and could be due to pseudo-haptics 

from visual suggestions of ice/water puddle). Still, we recommend designing with this user 

expectation in mind. For example, in our user study, we used visual effects that would not feel out 

of place if the participant experienced wetness. 

Mixing liquids. As the first exploration of interactive liquid friction, we selected liquids that 

both alter friction and are practical to use, which yielded simple mixtures. It is likely possible to 

synthesize more advanced liquids. Because this is an early exploration, it is likely that future works 

may identify liquids that alter friction with fast onset and offset times but are entirely inert when 

interacting with skin and sensitive materials (e.g., surface lacquers). In the meantime, we can draw 

inspiration from products that contain our liquids (nail polish remover, hand sanitizer, etc.), but 

also include common additives like glycerin for improved practical long-term use [31, 171]. 
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Moreover, liquids offer a wider design space than just friction, such as affective responses (e.g., 

pleasantness), which offers opportunity for further investigation [64, 65].  

Conclusion 

We proposed, engineered, and validated Stick&Slip, a new approach to altering everyday surface 

friction by coating the user’s fingerpads with liquid. Unlike traditional actuators such as 

vibromotors or electroadhesion, which are confined to specific surfaces, our method uses liquid 

lubricants and adhesives. These substances can modulate the friction of nearly any non-absorbent 

surface without requiring specific surface instrumentation, resulting in a more universally 

applicable friction modulation. 

We demonstrated the versatility of our technique in various applications, including mixed 

reality, virtual reality with props, and everyday objects. Our approach was validated through four 

technical experiments and a user study. 

Stick&Slip points towards a new direction in HCI, in which engineered materials/chemicals 

offer alternative methods to achieve haptic sensations. Having shown that liquids can both 

modulate friction and be improved in their practicality, we hope to inspire future research 

exploring the use of liquids for haptics beyond friction modulation. Ultimately, we hope to provoke 

alternative strategies in areas of haptics that may otherwise be limited by traditional approaches. 
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ThermalGrasp: Enabling Thermal Feedback even while 
Grasping and Walking 

 

Figure 41. (a) We propose a new approach that enables thermal feedback devices to provide realistic temperature 

sensations while still allowing users to grab or step on real objects—not only can virtual objects display a 

temperature, but users can also feel and grasp real objects, such as props. Our approach is different from traditional 

thermal interfaces, in which Peltier devices are applied to the user’s hands to render the temperature of virtual 

objects. Unfortunately, attaching a Peltier element and its cooling unit (fan and heatsink) directly to one’s palm 

prevents users from also grasping real-world objects. Similarly, existing thermal interfaces cannot be applied to feet 

soles (as one would need to step on the cooling unit). The result is that existing temperature interfaces are restricted 

mostly to virtual interactions (hands-free, no props). With ThermalGrasp, (b) we explore a flexible thermal 

mechanism that allows the cooling unit to be moved away from the user’s palms or soles—enabling them to grasp 

and step on objects. 

In this chapter, we describe ThermalGrasp [145], our approach to thermal feedback that is still 

compatible with grasping real objects and walking on real surfaces. 

Introduction 

Haptic feedback improves user experience in virtual reality (VR) and mixed reality (MR) by 

providing physical sensations that complement the immersive audiovisuals. Haptics research has 

led to a remarkable range of wearable haptic devices for delivering tactile (e.g., vibration [39, 110, 
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111], pressure [112], skin stretch [71, 104]) and force feedback (e.g., exoskeletons [36, 37, 85, 

167] or electrical muscle stimulation [48, 136, 137]).  

More recently, researchers explored stimulating senses beyond forces and tactile cues, such as 

providing thermal feedback [165, 186]. At the same time, researchers also demonstrated the 

compelling use of real-world props as proxies for virtual objects and virtual terrains because they 

provide cheap yet hyper-realistic haptic feedback [33, 86, 296]. 

Unfortunately, wearable thermal actuators and props are at odds. This is because typical 

thermal actuators are inherently bulky or fragile; thus, applying wearable thermal actuators to the 

user’s hands or feet prevents users from grasping or stepping on physical objects (e.g., props or 

terrains). For example, some recent thermal devices  create hot and cold sensations by pumping 

water through flexible tubes worn by the user [67, 73, 190]. While the tubes’ flexibility allows 

them to conform better to the body, this is also their limitation: any kink in the tubing cuts off the 

liquid flow and halts the thermal sensations, which happens when a tube is compressed, like if 

gripped or stepped on.  

As such, the most popular approach to wearable thermal feedback is still the Peltier element 

[307]—a thermoelectric material that, when powered, heats up on one side while cooling down on 

the other. This makes them appealing for wearables because of their simple electrical control and 

lack of moving parts or fluids. More recently, even emergent flexible Peltier materials have begun 

development [127] (price is still prohibitive at 100x the cost of a rigid Peltier, and their flexibility 

is limited to <12 repeated folds or very small angles). Despite the benefits of Peltiers, to sustain 

both hot and cold sensations (especially lasting more than a few seconds, e.g., rendering 

temperature of objects and terrains), Peltier elements, both rigid and flexible, require additional 

cooling from heatsinks and fans to remove excess heat from the hot side [91]. Without these bulky 
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cooling units, Peltier elements quickly saturate, i.e., heat leaks from the hot side to the cold side—

cascading into a positive feedback loop of undesirable heat.  

This requirement for cooling units prevents Peltier elements from being applied to body parts 

that contact real objects, such as the user’s palms or soles. In fact, interactive systems based on 

attaching Peltiers and their heatsinks to users’ palms and soles will not allow users to grasp objects 

nor walk on top of surfaces. 

To tackle this challenge, we introduce ThermalGrasp, an engineering approach for wearable 

thermal interfaces that enables users to grab and walk on real objects with minimal obstruction. 

To realize this, our approach moves the Peltier and its cooling unit to areas not used in grasping or 

walking like the top of the foot or back of hand. We then use thin, compliant materials to conduct 

the Peltier’s heating or cooling to the palm or sole. Unlike existing approaches, our thin materials 

enable grasping and walking on real objects while enjoying thermal feedback. For example, Figure 

41 depicts a user walking in a VR desert at dusk, feeling both the sand’s texture and the associated 

(virtual) decrease in temperature.  

Our Approach: ThermalGrasp 

ThermalGrasp devices consist of three components, depicted in Figure 42: (1) a thermal 

element (typically a Peltier but others are possible), (2) a thermally-conductive yet flexible 

material (e.g., heat pipes, sheet metal, etc.), and (3) insulation (e.g., foam, plastics, etc.). The 

thermally-conductive materials contact the surface of the thermal element (in this case, a Peltier 

element) and channel the heat flow. Thus, when the Peltier element warms up, heat conducts 

through the conductive material. By wrapping the channel in insulation, we improve the heat 

transfer efficiency. The user feels heat at the correct location because we expose the target area’s 
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skin to the conductor, while insulating all its other surfaces. Similarly, when the Peltier is cooled, 

heat is conducted away from the user, giving the sensation of cooling. 

 

Figure 42. The key technical elements that comprise our approach, i.e., flexible thermal conductors to transfer heat. 

ThermalGrasp’s approach is different from the traditional approach (which we map in Figure 

3)—placing Peltiers directly on the user’s palm/soles to deliver thermal feedback (e.g., [57, 124, 

177, 200]—to cite a few palm devices). Unfortunately, without cooling hardware (heatsinks and/or 

fans), Peltiers cannot provide sustained cooling for more than a few seconds before residual heat 

bleeds into the cold side, cancelling out the cooling effect [117]. While brief temperature changes 

can be effective for feedback like notifications, they cannot provide realistic temperatures needed 

to render the sense of walking on a gradually cooling floor in VR (e.g., stepping on desert sand 

that cools as the sun sets, which we demonstrate in Study 2). Again, even flexible Peltiers require 

added cooling to hold cold temperatures [13, 38].  

As depicted in Figure 43, our technique balances thermal realism and haptic realism from 

props. While placing a Peltier directly on the palm/sole maximizes thermal realism (sensations are 

at the palm/sole), one cannot step on or grasp objects with cooling units directly on the palm/sole. 

Conversely, one could try to place the Peltier element on the backside of this limb to keep the 

palm/sole free (as in [163] or tactile devices that leave the palm free [8, 195]); however, the thermal 

realism is now drastically reduced because the sensation is felt at wrong location (opposite-side of 
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palm/sole). Instead, our approach delivers thermal feedback at the palm/sole while only minimally 

impeding upon real-world interactions, thereby optimizing for both thermal and real-world haptic 

realism.  

 

Figure 43.  ThermalGrasp balances the realism of virtual temperatures and the realism of haptic props by conducting 

temperatures from Peltiers using flexible conductive channels, which enables to step or grasp at the application 

point. 

To strike this balance, our approach relocates the bulky yet necessary cooling hardware away 

from body parts involved with grasping or walking, such as the palms of our hands and the soles 

of our feet. Then, using robust yet flexible & thin thermal conductors it transfers thermal feedback 

to the center of the palm/sole. These flexible materials can withstand large forces and wrap around 

the body—enabling thermal feedback while grasping or walking.  

Finally, we tend to think of the devices that we engineered not as end-products but as artifacts 

of the ThermalGrasp approach—these depict some instantiations of our approach. In the process 

of creating these devices, we created four additional variations using different types of conductors, 

which are depicted in Figure 44. Namely, conduction using a copper mesh, a copper netting, a 

copper tape, and a silicone doped with liquid metal (EGaIn). While in our early technical pilots we 

found these to have reduced thermal efficiency compared to our final devices using thin flexible 

copper sheets, these can still be used or serve as a source of inspiration for future thermal devices 

that also allow grasping and walking. 



80 
 

 

Figure 44. We also explored other conductors: (a) copper net, (b) copper mesh, (c) copper tape, (d) silicone doped 

with liquid metal. 

Related Work 

The work presented in this paper builds on the field of wearable haptics, with emphasis on devices 

that allow users to also feel real-world sensations and devices that render thermal feedback. 

Finally, we succinctly review prop-based passive haptics in VR since these are the key application 

domain for our technique. 

Wearable Thermal Feedback = Attaching Thermal Actuators to Target Area 

Researchers have been exploring how to miniaturize thermal actuators into wearable form factors. 

The most common approach to this challenge has been commercially-available thermoelectric 

Peltier elements. When electrical energy is supplied to a Peltier, it acts as a heat pump, transferring 

heat from one side of the device to the other—one side cools while the other heats, depending on 

the current’s direction. This simple electrical control has made Peltier elements easy to deploy in 

wearable form factors, as shown by ThermoVR [185], LiquidReality [184], and TherModule [142]. 

However, while Peltier elements are inexpensive and easy to control, they pose disadvantages 

when applied directly on the user’s hands and feet: (1) Peltier elements tend to be thick (~4-6mm 

typically); (2) Peltier elements are typically rigid (they do not conform well to the body); and more 

importantly (3) Peltier elements tend to require additional cooling (e.g., large heatsinks and fans). 



81 
 

While some wearables have used Peltiers without fans and heatsinks, these are limited to quick 

notifications [165, 186, 307], and cannot sustain realistic temperatures that are desirable for VR. 

This is because without cooling, Peltiers can only reliably perform cooling for a few seconds before 

residual heat from the hot side bleeds into the cold side, which cancels the cooling effect [117]. As 

such, most interfaces that aim to reproduce the thermal properties of touching an object use 

dedicated cooling hardware [35, 205]. This limitation has prevented thermal feedback from being 

applied, for instance, to the sole.  

While recent research has led to the advancement and initial commercialization of flexible 

Peltier elements, these too require fans/heatsinks to deal with their residual heat during/after 

cooling. Take the Asahi Rubber DK-TEM es-02 [311] flexible Peltier element: its thermal 

performance was still characterized while attached to a fan and heatsink (3x the area of the Peltier). 

Moreover, flexible Peltiers remain both expensive and fragile. For example, [311] currently costs 

$240 a unit (100x a normal Peltier) and has a maximum bending angle of just 115 degrees (i.e., 50 

mm bend diameter), which is smaller than even simple human joints, like closing the palm (which 

folds over itself when making a fist [245]) or curvatures like the arch of the foot (bending angle of 

152 degrees while standing [32]).  

As an alternative, other types of thermal elements have been explored, such as nichrome wire 

and conductive fabric [114, 256, 274], which provide resistive heating in a thin form factor but 

cannot create cooling sensations, thus missing half of our spectrum of thermoception. Some 

research has instead examined pumping hot and cold fluids for feedback [123, 190, 298]. For 

example, HydroRing [73] delivered temperature-controlled liquids to the fingerpad. Similarly, 

Therminator [67] developed a hydraulic system for thermal feedback on the arm in VR. Finally, 

ThermAirGlove [28] presented a pneumatic glove for grasping virtual objects to feel their thermal 
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properties. Thus, while these approaches address the rigidity downside of Peltier elements, they 

come with their own challenges: (1) putting moderate forces on a tube will stop the liquid flow 

(e.g., if one steps on it, it halts the thermal feedback); and (2) temperature-controlled fluid tanks 

have yet to be made wearable. Faced with the power consumption challenges, others have instead 

turned to using liquid chemicals to induce illusions of temperature change by chemically 

stimulating skin receptors to trigger pseudo-temperature changes [27, 139]—still, these chemical 

approaches are at an infancy (e.g., slow and coarse) compared to expressive and time-tested 

thermal feedback from Peltier elements and other devices. 

In addition to each approach’s individual limitations, all these approaches share a conceptual 

limit: they all apply some form of thick thermal actuator (be it a Peltier or a tube) directly to the 

area of the user’s skin at the target they wish to stimulate. Here, we observe a conflict with our 

original goal: to provide thermal sensations yet minimize obstruction to the target area. The closest 

approach to tackle this is generating phantom heat sensations at the midpoint between two thermal 

elements [176, 213]; while we find this approach promising and draw inspiration from it, it is 

limited in that, (1) the thermal sensations may be confusing—in fact, to measure the illusion, 

the “author instructed the participants to indicate the strength of the sensation perceived on their 

fingerpad regardless of their perception on the finger side” [213]—users will feel a spatial 

mismatch since the sides are hotter than the illusion point, and (2) the thermal actuators need to 

be close to the point of the illusion (e.g., 14 mm; so close that they only add actuators to the side 

of the fingers in [213], not larger body parts). 

Solving this challenge of enabling thermal feedback in conjunction with grasping and walking 

has, to the best of our knowledge, never been addressed. As such, we looked for inspiration in how 
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researchers have approached this challenge in other haptic modalities, namely those that attempt 

to provide tactile sensations while keeping the user’s hands free.  

Wearable Strategies towards Haptic Feedback while Preserving Real World 
Sensations 

This tension in preserving haptic sensations while interacting with objects is not unique to thermal 

feedback; in fact, recent research in tactile feedback has focused on engineering devices that 

minimize encumbering the sensitive areas we use for manipulation, especially the hands [90, 106, 

151, 164]. We cluster these strategies, including examples of thermal instantiations, in three 

categories: (1) relocated actuators; (2) foldable actuators; and (3) thin actuators.  

Relocated actuators. One way to preserve tactile sensations is to move the actuator away from 

the area that will contact an object—this approach is often referred to as relocated haptics [211]. 

The key concept is to still deliver a haptic sensation but not in the location where it is expected to 

happen. For example, Ando et al. [8] and Haplets [195] placed vibrotactile actuators on the 

fingernail to render feedback that should be felt on the fingerpads. Another example, Tasbi [188], 

moved the actuators even further from the hand by placing them on the wrist. This idea of 

relocation has been applied to thermal feedback. ThermoFeet placed Peltiers on the dorsal side of 

the foot to provide directional cues [51]. Altered Touch placed its Peltier element on the nail to 

give thermal feedback while leaving the fingerpad free [163]. Similarly Sato et al. placed its 

Peltiers on the sides of the fingerpad [213]. As a result, these haptic devices excel in minimizing 

tactile obstructions (hand/sole free to grasp/walk) but sacrifice this for realism, i.e., the sensation 

occurs in a location where it is not expected—in fact, to measure this illusion of thermal feedback 

created from actuators away from the fingerpad, in [56] the “author instructed the participants to 
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indicate the strength of the sensation perceived on their fingerpad regardless of their perception 

on the finger side”. 

Foldable actuators. A second approach is to use an actuator that provides the haptic effect 

only when it is necessary but then tucks away while not in use. Examples include a wrist-mounted 

actuator that taps the palm on-demand  [122] and a nail-mounted actuator that taps or warms up 

the user’s fingerpad on-demand [248]. Unfortunately, these approaches are only suited for 

touching either virtual or real objects, but do not allow users to touch both at the same time—this 

folding approach does not support augmenting a physical object (such as a VR prop) with thermal 

sensations.  

Thin actuators. The third strategy is to balance virtual and real feedback by placing an 

actuator on the skin area that interacts with objects but making it as thin as possible, so that it 

impedes tactile sensations as little as possible (also referred to as “feel-through” [169, 279]). 

Examples include an electrotactile device for stimulating the fingerpad via a thin film [279], a latex 

ring for presenting pressure, vibration, and temperature in mixed reality [73], and hand-worn air 

bladders that can be in/de-flated on demand [248]. Using this approach, the user does not have full 

tactile acuity but can still feel objects through the thin actuator [169], while also enjoying haptic 

effects. With respect to thermal feedback, this approach has only been explored by recent flexible 

Peltier devices [113, 127, 181], which again still require cooling to give sustained/realistic 

feedback, have limited flexibility, and remain expensive [311] (see section 3.1). ThermalGrasp is 

directly inspired by the latter by proposing a technical approach that places a thin thermal 

conductor that allows the user to feel thermal feedback and still grasp or walk.  
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The Importance of Physical Cues even in VR (i.e., props as highly realistic 
haptic feedback) 

In recent years, the use of physical props as proxies for virtual objects has grown popular because 

they provide cheap yet hyper-realistic haptic feedback [33, 86, 296]. Key to the rise of haptic props 

is that they can be low-tech; they don’t necessarily require expensive actuation or wearables and 

can be made from readily-available materials (wood, plastic, etc.), yet they can provide sensations 

very close to their real-world counterparts, such as the weight of a bat [275] or tool [234]. Often, 

these sensations cannot be produced by common haptic actuators, such as the vibrotactile motors 

in VR controllers [275]. For example, Franzluebbers et al. found that replacing VR controllers 

with a golf club prop was preferred by participants and even led to improved VR golf performance 

[55]. In our work, we strive to allow thermal interfaces and prop-based experiences (VR 

experiences that rely heavily on grasping and walking) to finally work together.  

Walkthrough: ThermalGrasp in Prop-based Virtual Reality 

To help readers understand how ThermalGrasp can present thermal feedback while enabling 

grasping and walking, we demonstrate it in a prop-based VR desert experience; the user’s goal is 

to survive the night by staying warm. They experience this via physical props, such as tracked 

handheld props (e.g., wooden logs) or terrain props upon which they can walk (e.g., sand, artificial 

grass, and a puddle of water). Users wear four ThermalGrasp devices, one on each hand and foot 

(see Figure 45a).  
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Figure 45. The user immersed in our VR desert survival experience interacts with haptic props such as sand, logs, 

grass, and water while feeling thermal feedback. 

Figure 45b depicts that as the sun sets, the user feels the sand beneath their feet getting cold —

using ThermalGrasp, the user walks on the real sand while feeling the cooling sensation from the 

virtual world—this is an example of our how approach improves thermal realism (as shown in 

Study 2). Walking on sand is possible because the footworn Peltiers and their required cooling 

units on top of the user’s feet (dorsal side) conduct heat to the soles of the feet via thin, flexible 

copper sheets. 

Now, users must survive the desert night by finding a heat source. Figure 45c-d depicts the 

user collecting wooden logs into a bonfire—their hands grab haptic props (e.g., the wooden logs) 

and feel the prop’s realistic texture. The user even steps into shallow water to grab a log, which 

would not be safe with Peltiers on the bottom of the feet, as these could short-circuit. 

As the user places logs in the fire, the wind blows out the bonfire, scattering the burning logs. 

The user must now find a new heat source. They search throughout the terrain, while feeling cold 

on their soles and palms. Finally, they find a scattered log still burning and repurpose it as a torch, 

as shown in Figure 45e. Upon grabbing the torch, they feel the prop as warmer because the thermal 

device on the grasping hand heats up due to the virtual flame—an example of how ThermalGrasp 

allows users to feel the realism of the haptic prop alongside the accompanying thermal sensation. 
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Finally, as the sun rises, the user feels the sand increase in temperature, indicating they survived 

the desert night. 

Benefits, Contributions and Limitations 

The key contribution of our work is a new method for providing thermal feedback (both hot and 

cold) in a form that still allows for interacting with real-world objects, like grasping props or 

walking on terrains. The benefit is that this approach (1) relocates bulky yet necessary cooling 

hardware to unobtrusive locations, such as the back of the hands and top of the feet and as a 

result, (2) allows users to feel hot and cold sensations and still grasp, walk on, and feel real-

world objects, which is relevant to many interactive domains, such as prop-based VR or AR. 

Our approach is not without limitations. First, our approach naturally requires more energy 

than adding a heat source directly on the target area to reach the same temperature; this is because 

we conduct the energy over a distance, which requires a thermal gradient where the temperature 

at the source is more extreme than at the skin. Similarly, because it takes time for the heat to 

transfer over the distance from the heat source to the target area, our approach is slower than 

directly placing a heat source on the target area (e.g., a Peltier which can heat and cool at 3⁰C/sec 

[186] vs. ours which is <8x slower at cooling and <6x slower at heating as shown in our device 

characterization). While our primary goal is developing thermal devices that enable walking and 

grasping, we mitigate this lag as much as possible by using heat pipes with high effective 

conductivities and insulation to reduce losses. That said, we characterized the time to generate a 

feelable sensation in Study 1 and found that it fits several applications well where slower thermal 

feedback is realistic (such as radiative heat from fire, gradual temperature changes as the sun sets 

and rises, and so forth—such as our application for Study 2). This is consistent with findings from 

prior work on slower thermal feedback [225]. However, these are limitations as much as they are 
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tradeoffs, as our approach balances thermal realism with the ability to grasp and walk on surfaces. 

Finally, because our approach is designed around feeling real-world objects, it is important to note 

that these objects also have their own temperatures, which interact with the temperatures presented 

by ThermalGrasp, which may influence perception. 

Implementation 

To help readers replicate our approach, we now provide the necessary technical details.  

Materials 

Our ThermalGrasp devices consist of three basic components: hot/cold sources, conductors, and 

insulators. 

Hot/cold sources. For hot and cold sources, we use Peltier elements to be able to render both 

hot and cold (though our principles of guided conduction would hold for guiding heat from 

hot/cold liquids, etc.). Moreover, to achieve these realistic, sustained cold sensations, Peltiers 

require cooling units—we too use a heatsink and fan per Peltier. 

Conductors. We use thermally-conductive materials to transfer heat between the thermal 

element and the user. There are three factors that affect heat transfer in our conductors: (1) 

materials’ conductivities (higher is better); (2) source-sink distance (shorter is better); (3) cross-

section (larger is better). Thus, we aim to leverage all factors in our final design to minimize power 

requirements and improve performance. 

We explored various metals and thermally-conductive polymers as conductive channels [17, 

149]. Notably, copper boasts a high thermal conductivity (k=~400W/(m·K)) among metals while 

being low-cost. Thus, we centered our explorations around copper.  Specifically, copper heat pipes 

are the key to enabling our technique to work across long distances. Commonly found within 
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computer cooling systems, copper heat pipes consist of a sealed copper tube containing water and 

wicking material. When one end of the heat pipe is heated, the water vaporizes and naturally travels 

to the cold end due to the pressure gradient, where it then condenses back into a liquid, releasing 

the latent heat. The water then returns to the hot end of the pipe via capillary action where the 

cycle repeats. Notably, this phase change is entirely passive and self-contained (no pumps or fluid 

in/out)—this gives copper heat pipes an effective thermal conductivity of ~500x that of an 

equivalent piece of solid copper [50]. While heat pipes are not intrinsically flexible or thin, they 

are malleable and can be bent into custom shapes. However, heat pipes alone are not sufficient for 

condensing the bulkiness of Peltier elements into minimally obtrusive thermal actuators. We use 

them to transfer the heat as far as possible without impeding the user and then transfer the heat 

into a thinner conductor, such as copper sheet metal. To ensure effective heat transfer at all 

material interfaces, we add thermal paste. 

Insulators. Insulation is critical: (1) insulation around the channels reduces losses to the 

environment as heat travels through the conductive materials, thus boosting our device’s 

efficiency, and (2) insulation prevents the user from feeling thermal sensations at undesired 

locations. For example, if we wish to cool the palm, we can insulate the conductors at all points 

except for the desired point of contact with the skin. Our devices use two types of insulators: rigid 

plastics (such as PLA, k=~0.13W/(m·K)) for giving structure to the devices and soft foams (such 

as neoprene, k=~0.05W/(m·K)) which leverage closed air cells as an effective insulator for 

comfortably interfacing with the user [15, 308].  

Fabrication 

We fabricated devices for the palm of the hand and the sole of the foot, as shown in Figure 46. In 

both designs, we 3D print a form-fitting shell that attaches to the dorsal side of the hands and feet. 
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Peltier elements are placed within the shell and springs are used to press the Peltier’s surface to 

the heat pipes, along with a layer of thermal paste for improved heat transfer. The heat pipes 

connect to sheet metal that wraps around to the opposite side of the hand/foot. To ensure good 

contact with the skin, the tightness of the device can be adjusted by sliding the heat pipes up/down 

in their slots. Additionally, we explored three strategies (all possible) to attach our devices to the 

body (in order of increasing contact reliability): (1) spring-loading the flexible sheet metal against 

the foot by enforcing a tight bend radius; (2) adhering the conductor to the skin with skin-safe 

glue; and (3) wrapping fishing line from the tip of the conductor around the body and anchoring it 

to the 3D-printed shell. For reliability and ease of donning/doffing, we evaluate designs using the 

fishing line approach. 

Specifically, each design uses the following components: Peltier element (foot: TEC12706, 

hand: CP60231H), flat copper heat pipes (foot: 70W 11.2 x 3.5 x 100mm, hand: 60W 8.3 x 2.5 x 

70mm), copper sheet metal (0.2mm thickness), soft neoprene foam (3.2mm thickness, easily 

compressible), heatsinks (foot: 40 x 40 x 12mm, hand: 20 x 20 x 10mm), fans (foot: 24V, hand: 

12V), and 3D-printed shells. The foot-worn device weighs 145g and the hand-worn device weighs 

34g. 

 

Figure 46. (a) Exploded view and fabricated devices for the (b) hands and (c) feet. 
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Sensing, Electronics, and PI-controllers 

All our wearables feature temperature sensors (100kΩ NTC 3950 thermistors) at the point where 

the Peltier contacts the heat pipe and where the sheet metal contacts the user—allowing it to 

monitor the thermal gradient in real-time.  

All devices share the same hardware. The Peltier elements are driven by a VNH3SP30 motor 

controller, which is controlled by an ATmega2560 microcontroller. To combat saturating the 

Peltier elements in the cooling condition, we use two separate PI tunings for heating (P=75; I=3) 

and cooling (P=200; I=8). Each controller receives only the temperature at the flexible sheet metal, 

while the Peltier temperature is used as a safety feature. To achieve rapid temperature change, we 

use bang-bang control when outside the goal temperature by more than 1⁰C in cooling and 2⁰C in 

heating, and the PI controllers when within range of the goal temperature. The fans are triggered 

programmatically via a MOSFET (RFP30N06LE) when the temperature exceeds the goal. At peak 

power, one of these devices consumes 25W, which we power via a large LiPo battery worn by the 

user in a slim backpack. 

Characterizing the Performance of our Devices 

To characterize the performance of our devices created with the ThermalGrasp approach, we tested 

the heating and cooling performance while wearing the devices.  

Temperature stability. We tested the heating and cooling performance on the example of the 

device for the sole of the foot, as shown in Figure 47. First, to determine the cooling performance, 

we drove the worn foot device at full power (25W) for five minutes. As shown, the temperature at 

the point of contact with the foot decreased from 25⁰C to 20⁰C. In the following five minutes, our 

controller drove the Peltier element to heat and maintain 40⁰C. Finally, to demonstrate the system’s 

stability, we drove the Peltier for five more minutes to cool from 40⁰C back to room temperature. 
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Thermal camera images (FLIR C3) were taken of the device’s externals to determine the 

effectiveness of the neoprene insulation. As shown, temperature change was observed at the 

surface of the insulation (22⁰C at end of cooling, 33⁰C at end of heating). Considering the Peltier’s 

temperature was 16⁰C and 52⁰C at these times, heat leakage is expected due to the high thermal 

gradient.  

 

Figure 47. Performance of our ThermalRedirect device for thermal feedback on the sole. 

Figure 48 shows temperature over time where our devices contacted the skin. Each device was 

driven at full power (25W, starting from Peltier at room temperature) for 35 seconds. Moreover, 

to assist the reader in interpreting this performance characterization, we also show the results of 

our Study 1, in which we calculated the point at which the average participant felt a temperature 

change (hand heating and cooling: 11.3 sec, 12.3 sec; foot heating and cooling: 25.2 sec, 16.1 sec). 

 

Figure 48. Heating and cooling curves for our (a) hand and (b) foot-worn devices. 
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It is important to note that while this approach is not as fast as a Peltier directly applied to the 

skin (i.e., these rates are less than 3⁰C/sec exhibited in related works [15]), they are consistent with 

prior works in which speed is not the goal, yet effective feedback is achieved (e.g., [69]). Instead, 

our approach generates perceivable temperature changes while still allowing us to grasp and walk 

on surfaces. Despite this strategic tradeoff, Study 2 demonstrates the value of this approach for 

conveying realism in VR.   

User Studies 

We conducted two user studies to validate our technique and its implications in interactive 

applications, specifically in the case of VR. Our studies were approved by our institution’s ethics 

committee. 

In our Study 1, we evaluated ThermalGrasp’s performance by first determining if our 

devices could effectively transfer thermal feedback to the desired location (by sketching the border 

of sensation over a blank anatomical diagram [242]). Then, we characterized how long it took 

participants to notice temperature changes while wearing our devices on their hands and feet. The 

result of this study demonstrated that our approach effectively transfers hot and cold sensations to 

the user at the target location (comparable to placing a Peltier directly on the target) and is 

perceivable within an interactive timeframe. 

In our Study 2, we compared the participants’ sense of realism in a VR task involving both 

real-world and thermal sensations. We found that ThermalGrasp led to improved realism and 

sensory engagement in VR.  
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Study 1: Evaluating ThermalGrasp’s Thermal Performance  

Our first study focused on characterizing ThermalGrasp’s ability to provide thermal feedback. This 

study assessed (a) the areas of perceived stimulation for both Peltier devices placed on the top and 

bottom of the foot, along with our foot-worn ThermalGrasp device; and (b) the time it took for the 

temperature change to be perceivable. Both metrics were evaluated using standardized study 

designs from psychophysics literature [103, 242].  

Study 1a: location of thermal stimulation 

We hypothesized that ThermalGrasp provides stimulation closer to the target area compared to 

placing a Peltier on the dorsal side of the limb but underperforms compared to a directly Peltier on 

the target area. 

Location = foot. We chose to evaluate the foot (rather than the hand) because it represents the 

more challenging case for existing approaches: (1) virtually no thermal devices can be applied on 

the soles, since the user cannot step on top of Peltiers and their cooling systems or would otherwise 

stop the thermal flow for tubes with hot/cold fluids; and (2) the distance from top of the foot to the 

sole is greater than that of the hand, which pushes ThermalGrasp to its limits more than if we had 

tested the hand. 

Conditions. Participants experienced three interface conditions (in randomized order, across 

all participants): (1) direct-peltier (wearing a traditional Peltier along with heatsinks and fans 

applied directly to the target area of the sole, the same TEC12706 Peltier as incorporated into the 

ThermalGrasp design), (2) dorsal-peltier (a Peltier applied along with heatsinks and fans to the 

top of the foot), and (3) our ThermalGrasp device (a Peltier on top of the foot, heat transferred 

via a thin conductor that wrapped from the medial side of the foot to the sole). Thermal contact 

areas were held constant across all three interface conditions (56 x 27.5mm).  
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Participants. We recruited eight participants (two identified as female, five as male, one as 

nonbinary, with an average age of 24.5 years old, SD=1.73). No participants had prior injuries on 

their feet. Participants received $20.  

Apparatus. Participants sat on a chair in front of the experimenter. They could comfortably 

rest their leg on a stool. Participants were blindfolded so that they could not see the stimulus 

applied to the foot, nor the thermal device. Participants experienced a cold (20⁰C) and hot (40⁰C) 

temperature for each condition. The temperature over time was PID-controlled to follow the same 

curve for all conditions.  

Procedure. When participants felt the 20⁰C and the 40⁰C stimulus, they were asked to indicate 

the area where they felt thermal sensations for each stimulus and the point where the sensation was 

most intense. Participants were provided with a diagram of the foot (sole and dorsal side) and could 

draw freely; this is a standard method used by prior works [242]. Finally, participants rated the 

intensity of the thermal sensation (1-7 scale). 

Results. Figure 49a depicts our main findings regarding the participants’ thermal acuity. For 

both hot and cold stimuli, dorsal-peltier resulted in the area the furthest away from the sole, which 

implies that dorsal-peltier doesn’t present thermal feedback to the sole of the foot. Conversely, 

direct-peltier exhibited the smallest area spread and this area was the closest to the target area 

(more thermal acuity). While these were expected, it was unknown how ThermalGrasp would 

compare to either of the baselines. We found that ThermalGrasp sat between these conditions, 

exhibiting less thermal acuity than direct-peltier, but more than dorsal-peltier. This validates our 

hypothesis. While all participants reported temperature change on the sole during the 

ThermalGrasp condition, five participants reported sensation on the side of the foot during heating, 

indicating some heat bleeding through the insulation. Finally, we found no statistical difference 



96 
 

between the intensity ratings across all conditions (p=0.24 for hot; p=0.15 for cold stimuli), which 

suggests that our apparatus was functioning robustly (all conditions followed the same temperature 

curves as dictated by our PID controller).  

 

Figure 49. (a) Data (all participants) indicate that participants felt both hot and cold sensations in the desired location 

of the sole of the foot in the ThermalGrasp condition. (b) Time to notice the change in temperature for both our foot 

and hand device for heating and cooling. Error bars show standard deviation. 

Study 1b: time to perceive thermal stimulation 

Having determined that ThermalGrasp could accurately present thermal feedback at the desired 

locations, we now aimed to find how long it takes participants to experience its temperature 

feedback.  

Conditions. Participants experienced ThermalGrasp on either their dominant hand or foot 

(counterbalanced).  

Participants. We recruited eight participants (three identified as female, five as male, with an 

average age of 25.1 years old, SD=2.35). No participants had prior injuries on their feet. 

Participants received $20.  

Apparatus. Participants comfortably rested their foot on artificial grass while holding a 

wooden dowel rod.  

Trials. We used two types of trials: (1) real temperature, in which our device was actuated to 

maximum heat/cool, and (2) placebo temperature, in which our device was not actuated and stayed 
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at skin temperature. Participants experienced a total of 24 trials (4x repetitions of 3x sensations 

(cooling/heating/placebo), on 2x body parts (hand/foot)) 

Procedure. Participants were notified when a trial began. After the experimenter started the 

trial, a random delay (0-10 sec) was implemented before power was supplied to the device’s 

Peltier. Participants were instructed to confirm using a keypad upon feeling a change in 

temperature. We recorded the time difference from powering on to the time participants indicated 

the temperature changed. If participants could not perceive a change in temperature, they were 

instructed not to press any keys. If a participant did not indicate a change in temperature, the trial 

would conclude after 45 seconds. Importantly, we purposely included placebo trials in which no 

stimulation was presented to ensure that participants were not just pressing confirm without no 

real sensation. Finally, between trials, we waited for the device to return to skin temperature 

(measured at the sheet-metal) and room temperature (measured at the Peltier).  

Results. Figure 49b depicts how long it took participants to notice a change in temperature. 

For the hand, we found it took on average 11.3 sec (SD=2.9) to notice heating and 12.3 sec 

(SD=3.3) to notice cooling. For the foot, we found it took on average 25.2 sec (SD=7.3) to notice 

heating and 16.1 sec (SD=3.2) to notice cooling.  

Discussion. We found that participants could feel sensations in under 30 seconds despite 

transferring the heat over a distance. While this delayed feedback is a limitation for certain 

applications, it is also exactly what enables being able to walk and grasp while wearing thermal 

devices. Using these findings, we hypothesized that for interactive applications in which both real-

world and thermal sensations are required, our technique will provide users with an improved 

experience. In our next study, we investigated this with the example of prop-based VR. 
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Study 2: Realism in VR 

While our first study examined the psychophysics aspects of our approach, our second study 

focused on observing our approach in an interactive application. Specifically, we assess the extent 

to which our approach (which allows feeling or walking on props and feeling virtual thermal 

sensations) influences the sense of realism in prop-based VR experiences.  

Our main hypothesis for this study was that ThermalGrasp would feel more realistic than a 

baseline without our devices. Moreover, we were also interested in a range of additional measures 

typical in studies that evaluate realism of VR experiences, such as immersion (extent to which the 

experience is inclusive, extensive, surrounding and vivid [226]), enjoyment (taking pleasure in the 

experience), and sensory engagement (the range of sensory modalities experienced).  

Conditions. In this study, participants experienced two interface conditions in counterbalanced 

order, across all participants: (1) ThermalGrasp (four devices, one on each foot and hand) and 

(2) a no thermal feedback baseline.  

Participants. We recruited eight participants (four identified as female, three as male, one as 

nonbinary, average age of 21.8 years old, SD=2.22). None reported injuries on their feet or hands. 

Participants received $20 for their time.  

Task. The VR task mirrored the experience presented in our Walkthrough, including all the 

interactions depicted in Figure 45. The goal for the participants was to find a way to survive the 

night in this VR desert by building a fire to keep warm. Participants explored this VR experience 

by walking on the physical terrain shown in Figure 50. The prop-based terrain measured 2.5m x 

2.8m with regions of sand, artificial grass, and shallow water. The room was maintained at 22.8⁰C. 

In our experimental condition, participants wore four ThermalGrasp devices, one on each hand 

and foot. In all conditions, they also wore a wireless HTC VIVE headset, and a backpack with a 
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battery and our devices’ controllers, which communicated using Serial over the VIVE’s wireless 

link. Additionally, participants wore a VIVE tracker on each wrist and ankle to track hands and 

feet. The remaining physical props (wooden logs) were tracked using VIVE trackers.  

 

Figure 50. (a) Physical prop-based terrain. (b) Wearable study setup. 

Procedure. As participants explored the VR desert wearing ThermalGrasp, their location in 

the VR world triggered thermal effects. Figure 51 presents the timeline of events alongside the 

temperatures that participants could experience. The experience’s timeline was the same for both 

conditions, except for the thermal sensations. These timings were designed to ensure a comparable 

experience across participants and work realistically with our devices’ speed. Experimenters added 

the physical log props into the terrain periodically outside of the participant’s field of view, in 

different locations across conditions. When a participant picked up the log and placed it in the fire, 

the experimenter “froze” the virtual log’s position in the fire and proceeded to move the physical 

prop to a new location to be collected again. After each trial, participants were asked to report their 

sense of realism, immersion, sensory engagement, and enjoyment on a 7-point Likert scale, as well 

as elaborate upon their ratings and the sensations they experienced.  
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Figure 51. Timeline of events and temperatures (for the ThermalGrasp condition). 

Figure 52 presents our main findings. We analyzed our data using a paired T-test (two-tailed). 

Specifically, ThermalGrasp (M=5.63, SE=0.17) was perceived as more realistic (p=0.017) than 

the baseline (M=4.63, SE=0.30). Similarly, ThermalGrasp (M=5.63, SE=0.35) was perceived as 

more engaging (p=0.009) to the senses than the baseline (M=4.63, SE=0.58).  

 

Figure 52. Participants’ ratings for both conditions. Errors bars show standard error. 

No significant difference was found between the baseline and ThermalGrasp in terms of 

immersion (p=0.099; baseline: M=5.38, SE=0.35; ThermalGrasp: M=5.75, SE=0.23) and 

enjoyment (p=0.090; baseline: M=5.25, SE=0.42; ThermalGrasp: M=5.88, SE=0.37). Finally, five 

of eight participants reported that they preferred the condition in which they were instrumented 

with our ThermalGrasp devices.  

Qualitative feedback. We analyzed transcriptions of all responses to our open-ended 

questionnaire. We identified four topics: (1) thermal referral, (2) behavioral change, (3) presence 

and (4) preserved grasping and walking. 
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Thermal referral. Six (out of eight) participants associated thermal feedback to objects or 

events in the scene (P1, P2, P5, P6, P7, P8). For instance, P4 reported the temperature of the 

physical sand being warmer than the grass, even though the sand and grass were at room 

temperature; it was our device that warmed the feet only when standing on sand. Moreover, 

participants reported missing the thermal feedback when absent: “[baseline led to] a slight 

disconnect” (P1); “[this experience is] a sensual experimentation and you lose an entire sense [in 

baseline]” (P7); or “[baseline] felt less like [I was] interacting with the world” (P3). 

Behavioral change. We observed behavioral changes in response to the thermal feedback. 

Notably, heat altered half the participants’ relationship to the campfire and its surrounding space 

(P5, P6, P7, P8). For example, P6 stated “I’ve got to hold this [torch] so that I’m not near the part 

that’s on fire”. P5 also stated that the alignment between the heat and VR situation “feels like 

something is happening, so you’re more encouraged to actually stand by the fire and wait.” 

Presence. Some participants mentioned their sense of presence increasing based on thermal 

feedback. P5 remarked that, without thermal feedback, the experience felt like “spectatorship or a 

loading screen more so than an immersive experience.” P3 remarked, “[ThermalGrasp] felt like I 

was actually taking up space in the environment (…)  even though it might seem like a small thing, 

having that physical feedback […] really affects the experience.” 

Preserved grasping and walking. Qualitative feedback affirmed that our approach preserves 

some tactile sensations along with grasping and walking. In both conditions, six participants (out 

of eight) described the tactile regions in detail (P2, P4, P5, P6, P7, P8). Seven participants (out of 

eight) reported the textures were unaffected by the thermal devices (P1, P2, P3, P4, P6, P7, P8). 

P8 detailed their experience by stating, “everything was the same besides adding the heat (…) 

when I went to pick up the sticks, I didn’t have the same feeling on my palm because the device 
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was in the way.” Notably, no participant reported any difficulty grabbing or manipulating the 

tracked prop, no participants reported temperature change felt on the dorsal side of their hands/feet, 

and no participants reported any discomfort during the experience. 

Discussion 

In Study 1a, we found that ThermalGrasp accurately presented thermal feedback at the desired 

locations; in fact, with similar performance to adding Peltiers directly on target—however, 

ThermalGrasp works even while grasping or walking. Conversely, in Study 1b we found that, as 

expected, ThermalGrasp is slower than directly applying a Peltier to the target, since it requires to 

transfer heat over distances. Remarkably, in Study 2, we found that this tradeoff between speed 

and realism can be beneficial, as our participants felt that ThermalGrasp was more realistic and 

engaging in a VR experience that made use of walking and grasping props. 

We see ThermalGrasp as not an end-product, but as an approach to make thermal feedback 

with props more seamless. Transferring heat over distances has weaknesses for interaction, 

namely, the rate of temperature change, which may explain why immersion was not greater in 

Study 2’s ThermalGrasp condition. As such, future work can enable wider use cases by improving 

feedback speed. Several potential avenues to achieve this include: 

Increased Peltier/power density. Adding a second Peltier to the design (i.e., sandwiching 

both sides of the heat pipe) or using higher power Peltier elements will lead to a greater thermal 

gradient between the Peltiers and the skin, thus increasing the heat transfer.   

Spatially-divided hot and cold stimuli. Traditional Peltiers encounter a similar need for rapid 

temperature changes, especially in scenarios simulating the transition between touching hot and 

cold surfaces. To overcome the lag of individual elements, a common strategy is to arrange Peltiers 

in a 2x2 grid with dedicated Peltiers for heating and for cooling. This arrangement enables rapid 
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perceived temperature changes by exploiting two characteristics of human thermal perception: 

spatial summation and the adapting temperature [214] and has been implemented in various 

thermal devices [185, 186]. ThermalGrasp can incorporate this arrangement by using multiple 

Peltiers, each with their own conductive paths meeting in a grid on the skin, to increase the speed 

of perceived temperature change. 

Advanced materials. The bottleneck in our presented hardware is the copper sheet metal. 

While the heat pipe component transfers heat especially fast, the copper sheet metal has orders of 

magnitude lower effective thermal conductivity yet is necessary to present the temperature in a 

thin and conformal interface against the user’s skin. Advances in thermal materials may alleviate 

this bottleneck, such as thin and flexible heat pipes [131, 178, 286]. 

Beyond this limitation, our work underscores the value of considering thermal latency trade-

offs, as our Study 2 found enhanced realism even with this non-instantaneous thermal feedback. 

Thus, our approach is apt for scenarios expecting non-instantaneous thermal feedback (our 

Walkthrough/Study 2 used slow thermal feedback, e.g., the sun rising or the flames growing). In 

our study, we occupied participants (e.g., collecting logs, fire growing visuals) to allow the device 

time to heat/cool. This strategy is used in haptic displays that require seconds to minutes to actuate, 

e.g., pneumatic [250] or motor-based [98]. We emphasize that our approach enables an experience 

that (despite some limitations) is otherwise not possible with traditional approaches: overlaying 

thermal sensations while grasping/walking on props. 

Conclusion 

We proposed, engineered, and validated ThermalGrasp, an approach for wearable thermal 

interfaces that enables users to grab and walk on real objects with minimal obstruction. Our 

approach moves the thermal device and cooling unit to areas not used in grasping (e.g., back of 
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hand) or walking (e.g., top of foot). We then use thin, compliant materials to conduct the device’s 

heating or cooling to the palm of the hand or sole of the foot. Unlike traditional actuators and 

heatsinks, our thin materials uniquely enable grasping and walking on real objects while enjoying 

thermal feedback. We demonstrated that our technique can be applied to VR experiences that 

heavily rely on props or tool manipulation.  

We believe that ThermalGrasp points to a direction in which interactive devices aim to 

harmonize as many senses as possible, while minimizing obstruction to real-world manipulation. 

Here, we demonstrated how to harmonize thermal feedback and physical interactions. Given the 

rich haptic properties of real-world objects, we argue users should not have to compromise 

between choosing to interact with either real or virtually-rendered sensations. 

Finally, we tend to think of the devices that we engineered not as end-products, but as artifacts 

of the ThermalGrasp approach, which may serve to inspire the creation of new thermal devices 

that enable interactions with real-world objects.  
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Power-on-Touch: Powering Actuators, Sensors, and Devices 
during Interaction  

 

Figure 53. (a) We propose a new method for powering devices only during user interaction. It comprises of two 

parts: a wearable transmitter-module worn by the user and receiver-tags with coils that can be used to power devices 

without batteries. (b) When the user interacts with devices with receiver tags, energy is inductively transferred 

between the user’s coil and the device’s coil. This energy is sufficient for powering sensors, microcontrollers, and 

even actuators. (c-f) Our approach offers a new pathway for a greater number and diversity of battery-free devices in 

ubiquitous computing. 

In this chapter, we present Power-On-Touch [146], our generalized approach to actuation at scale. 

Introduction 

Mark Weiser envisioned a future where computing devices are seamlessly embedded in nearly 

every object, enabling an era of ubiquitous computing [270]. While this vision is becoming 

increasingly feasible with advancements in technology, a significant hurdle remains: power supply. 

Currently, most interactive devices rely on batteries, which do not present a major hassle if users 

just interact with a limited number of devices in a room. However, as the number of interactive 

objects in a single environment increase, users find themselves requiring charging or replacement 

of batteries, which becomes impractical if we truly envision potentially hundreds of devices in a 

single smart environment [270]. 
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In fact, supplying power is one of the primary practical obstacles in ubiquitous computing [81, 

87, 217, 230]. There have since been significant strides made in ubiquitous sensing [82, 273, 302, 

303], visual displays [76, 189, 201], low-power computers and microcontrollers [260], and even 

battery-free devices that harvest energy from users and operate intermittently [45]. However, these 

do not represent the full-power spectrum of interactive devices. While sensors or displays might 

require less power, most devices that contain actuators are not eligible for most forms of low-

powered computing or energy harvesting [252, 284]. In fact, most interactive devices containing 

haptic actuation, motor-based tangibles, or other power-hungry actuators (e.g., ultrasound, 

electromagnets, and much more), are not typically featured in research on ubiquitous computing 

or in visions of this future.  

To explore a new technical approach towards these challenges, we propose Power-on-Touch, 

a one-to-many wearable approach designed to power devices on-demand. By eliminating the need 

for built-in batteries and enabling scalable power transfer, Power-on-Touch not only mitigates the 

maintenance burden associated with batteries but also meets the power required for actuators, 

facilitating wider adoption of haptic and actuated devices in ubiquitous computing. 

Related Work 

The work presented in this paper builds primarily on ubiquitous interfaces, particularly 

instrumented interactive surfaces, and wireless power transfer, with emphasis on wearable 

approaches. 

Adding Output to Everyday Objects and Surfaces 

To achieve the vision of ubiquitous computing [270], researchers have developed various 

techniques to integrate input & output into everyday objects & surfaces—attempting to make these 
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come alive and become responsive. One main challenge when adding interactivity to objects is 

how to power the input & output components. Since these objects and surfaces are meant to be 

scattered around users, powering them with batteries is challenging due to repetitive charging. 

In addition to input, researchers have explored adding output to everyday objects and surfaces. 

For instance, researchers have added visual [76], audio [93], and actuated output [182]. On the 

haptics side, the common approach to adding haptics is to simply embed a vibromotor in the object 

[193, 194, 292]. On the actuation side, Robiot generated mechanisms for adding actuation to 

everyday objects, such as augmenting a lamp with robotic movements [129]. Evidently, when 

compared with adding input to the environment, adding actuation is far less explored, likely a 

symptom of their limited battery life. This is because actuators require orders of magnitude more 

power (100-1000x) than their sensing counterparts, making their burden of battery maintenance 

substantial.  

To address this issue, some have argued for making actuators wearable so that a single device 

can overlay sensations onto many objects [102, 150, 243]. For example, MagnetIO added feedback 

to objects via passive magnetic patches that vibrate against the user’s finger in a magnetic field 

[152]. These techniques have furthered the scale of haptics; however, they rely on modality-

specific approaches that limit them to single modalities (only vibration, only friction, etc.).  

To overcome this limitation, Power-on-Touch takes a generalizable approach. Instead of being 

tied to a specific actuation modality, our device directly addresses the bottleneck of actuation at 

scale: providing power to many devices. This is only possible because our concept uses battery-

free devices in the user’s environment. To power these devices on-demand, we are inspired by and 

build upon techniques from (1) wireless power transfer and (2) battery-free devices. Such ideas 
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explore the notion of the user becoming the battery (i.e., bringing power with them for on-demand 

use). 

Wireless Power Transfer 

Wireless power transfer denotes transferring energy from a source to a receiver without the need 

for physical connectors, like wires or cables, making it especially attractive for reconfigurable and 

mobile devices. Several techniques have been developed for transferring power over a distance, 

such as electromagnetic [210], capacitive [119], laser-based [237], and ultrasonic [161]. In our 

review, we group approaches into three main categories: (1) instrumented environments, (2) body-

as-wire, and (3) encountered-type, which we summarize and compare in Table 1. 

Instrumented environments. Researchers have experimented with stationary transmitters 

built into the environment for transferring power to devices. For example, UltraPower used 

focused ultrasonic waves pointed at a receiver to transfer up to 50 mW [161]. Similarly, Su et. al 

combined lasers with photovoltaic cells for powering vibration motors via light [237]. However, 

these mediums are difficult to integrate into daily life because they require very precise tracking 

and alignment between the transmitter and receiver. Alternatively, others have used wireless power 

transfer coils to augment desks [40, 107, 221, 280] and even entire rooms [212] with wireless 

power. These have the advantage of being able to transfer high amounts of power (>10W) over a 

large space without precise alignment, but unfortunately require very specific construction, such 

as encasing entire rooms with metallic cages and poles [30, 212]. As such, it is difficult to scale 

instrumenting the environment, and there are cases in which it is infeasible, such as outdoors and 

on-the-go.  

Body-as-wire. To make wireless power transfer mobile, others have focused on wearable and 

environmental transmitters that can send small amounts of current through the skin. Often, this 
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approach is used to power battery-free wearable devices that are augmented with a receiving 

electrode [130, 158, 162, 253, 259]. For example, SkinnyPower demonstrated intra-body power 

transfer to transmit power from an electrode on the wrist to an accelerometer worn on the index 

finger [222]. Power-Over-Skin improved upon this approach to intra-body power transfer to scale 

to powering multiple receiver devices, sensors, and microcontrollers (typically <1 mW, dependent 

upon electrode size) [118].  

Intentio had a similar principle, but for non-wearable, or encountered objects [119]. When a 

user wearing a transmitter touches an electrode on a receiving object, power is transferred through 

the skin to the receiving object. However, the user and object must share a common ground, which 

can require instrumentation and sensitive tuning of the capacitive coupling to ensure efficiency. 

Unfortunately, for body-as-wire techniques, the power that can be transferred through the skin is 

limited by the current that can travel through the skin without inducing tactile sensations (typically 

<0.5 mA [120]). While this is sufficient for sensing and microcontrollers, it is not enough power 

to realistically drive actuation.   

Encountered type. Alternatively, other works aim to power devices that the user encounters 

within their environment. Meander Coil++ [241] and its predecessor Twin Meander Coil [240] 

leveraged inductively coupled wireless power transfer on the user by embedding coils into the 

user’s t-shirt. This work inspires us with examples of encountered and wearable sensors, LEDs, 

and a robot. Similarly, PowerShake [281] demonstrated using wireless power to transfer energy 

between users’ phones and watches via device-to-device contact. However, the form factors of 

Meander Coil++ and PowerShake limit interaction, since the user must either contact objects with 

their torso or tap devices together. Instead, we leverage a more natural channel: interactions via 

one’s hands—we use our hands heavily to interact with and manipulate objects in the environment, 
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and many existing devices are designed around this channel. TouchPower [300] shares our vision 

of powering devices during touch, recognizing that many electronic devices only need to be 

powered up during interaction (e.g., TV remotes, digital calipers, karaoke microphones, etc.) and 

that interaction with devices usually requires proximity or contact between the user’s hands or 

body and the target device, forming a natural channel for power transfer. However, TouchPower’s 

working principle is fundamentally different from ours. TouchPower is a glove with electrodes, 

that, when aligned with receiving electrodes, powers battery-free devices during grasping. The 

downside to an electrode-based approach is that it requires at least two electrodes to be precisely 

aligned (actual physical contact, no gaps), to connect both power & ground and complete the 

electrical circuit. Therefore, this technique is only suitable for objects in which the geometry 

dictates a precise grasp—moreover, it assumes that all users will grasp the object in the same way, 

i.e., not robust to variations in pose. In contrast, our approach does not require precise alignment, 

and therefore accommodates a wider range of grasps and interaction poses, as we later show in our 

Technical Evaluation. 

Comparing approaches. When comparing approaches, a few trends emerge across the 

categories. Instrumented environments tend to be versatile across spectrums of power and robust 

to various touch interactions; however, they are intrinsically limited in scale because it is infeasible 

to implement in every environment. In contrast, body-as-wire tends to enable scale due to 

wearables’ travelling with the user (with minor drawbacks of requiring common grounds, which 

necessitates instrumenting objects with electrodes); however, passing current through the skin is 

limited to low-power devices like sensors and microcontrollers, and is too low for actuation. 

Finally, encountered-type ensures scalability and is generally versatile across power spectrums 

depending on the working principle. However, to our knowledge, encountered-type devices have 
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not been robust to various touch interactions. In contrast, Power-on-Touch is tolerant to alternative 

touches because inductive power transfer does not require precise alignment to the extent that 

electrodes do, while leveraging natural touch channels, such as the hands and fingers. Thus, 

Power-on-Touch achieves all three goals. 

Table 1: Comparison of Power-on-Touch with prior work on wireless power systems. Power-on-Touch addresses all 

the stated design goals to provide a solution to scaling on-demand power through touch (✘: not available, ♦: 

partially available, ✔: available). 

Category Related Work Design goals 
Easy to scale Versatile across 

spectrums of 
power 

Robust to 
various touch 
interactions 

instrumented 
environments 

desk-scale inductive power 
[40, 107] 

✘ ✔ ✔ 

room-scale inductive power 
[30, 212] 

✘ ✔ ✔ 

laser power [237] ✘ ✔ ♦ 
UltraPower [161] ✘ ♦ ♦ 

body-as-wire 
SkinnyPower [222] ✘ ✘ ♦ 
Power-over-Skin [118] ♦ ✘ ♦ 
Intentio [119] ♦ ✘ ♦ 

encountered-
type 

MagnetIO [152] ✔ ♦ ♦ 
PowerShake [281] ✔ ✔ ✘ 
Meander Coil++ [241] ✔ ✔ ✘ 
TouchPower [300] ✔ ♦ a ✘ 
Power-on-Touch (our work) ✔ ✔ ✔ 

aTouchPower’s efficiency/output were described as very low (46%, 200 mW). We see no reason why they cannot be 

improved, thus we bumped it up in our rating. 

Energy-harvesting and Battery-free Devices 

Finally, we draw inspiration energy harvesting and battery-free devices [9, 288, 301]. For instance, 

interactive generator presented a rotary input device that provided haptics with energy entirely 

harvested from the rotation itself [12]. Teng et. al used a similar approach in a wearable to harvest 

energy from the user while providing resistance as haptics [252]. While Power-on-Touch can 

transfer high power from the user to devices, we use this to actuate power-hungry devices, which 
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can lead to intermittent power. Thus, we employ similar strategies to works on intermittent power 

sources [45]. 

Our Approach: Power-on-Touch 

Power-on-Touch consists of a wearable wireless power unit that enables users to power many 

battery-free devices as they encounter and interact with them. We augment devices with our 

custom-engineered receiver-tags so that they can be powered inductively during interactions that 

require close proximity. The key enabler of our approach is that our device is: (1) encountered-

type, which enables scale; (2) versatile across power requirements, which enables powering not 

only sensors, but also actuators; and (3) robust to various touch interactions due to its non-contact 

working principle. 

Our approach is based on inductive power transfer, not unlike the principle used in common 

wireless phone or electric toothbrush chargers, as shown schematically in Figure 54a. In these 

chargers, when a receiving device is placed on a charger in the environment, the transmitter and 

receiver become inductively coupled, enabling power transfer. However, we take a conceptual turn 

from typical wireless chargers—we developed a wearable power transmitter (Figure 54b). Rather 

than placing transmitters in the environment for users to bring their devices to (i.e., coupling upon 

proximity), our transmitter travels with the user to power devices during interaction (i.e., coupling 

during interaction). By turning the user into a mobile power source, devices that only need power 

during interaction no longer need to have batteries and can instead be powered on-demand. 

Eliminating the need for built-in batteries reduces maintenance efforts while enabling powering 

actuators, which can broaden adoption of haptic and actuated devices in ubiquitous computing. 
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Figure 54. Our approach uses (a) resonant inductive coupling to power devices. (b) However, rather than placing 

transmitters in the environment to which users must bring their devices to charge (i.e., coupling upon proximity), our 

transmitter travels with the user to power devices during interaction (i.e., coupling during interaction). 

Synergies between our work and other approaches. Powering devices in the environment 

is a longstanding challenge, and numerous approaches have been proposed. Today, users are 

typically equipped with mobile and wearable battery-powered devices (e.g., cellphones, 

smartwatches). Thus, there are increasing opportunities to share power between the user’s devices 

and devices in the environment. For instance, sharing energy between devices like phones and 

watches is already integrated in some commercial devices [47, 281]. Others showed transmitting 

energy through the skin from a central battery to power peripheral wearables [118]. There has also 

been growing focus on new ways to charge wearable batteries, such as through kinetic interactions 

with objects [288] or harvesting from the user [252]. Rather than supplanting these approaches, 

Power-on-Touch complements them, enabling its battery to be charged through harvesting or 

shared power while also facilitating energy transfer back to devices in the environment on demand.  

Contribution and Limitations 

Our key contribution is that we propose, explore, and engineer a novel method for powering 

devices during interaction. Our technical approach enables new ways to scale the number and 

diversity of battery-free devices in ubiquitous environments, such as going beyond ubiquitous 

sensing and into the realm of ubiquitous haptics.  
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Our approach has the following benefits: (1) While traditional devices and actuators each 

require their own power supply, often in the form of batteries or tethered outlet connections, 

Power-on-Touch instead places the battery on the user and augments devices with receiver tags to 

receive power on-demand, resulting in scalability; (2) Power-on-Touch is versatile across 

spectrums of power, enabling not only sensors and microcontrollers to be deployed ubiquitously, 

but also actuators; (3) Power-on-Touch is robust to various touch interactions, from hovering to 

single-finger touch to grasping and resting as it does not depend on direct or perfect contact with 

devices; (4) Power-on-Touch can sufficiently provide power without obstructing the user’s palms 

and fingers (e.g., wearing a glove); instead, coils can be placed on the back-of-the-hand and 

fingernail, leaving the user free to interact with devices. 

Our approach is limited in that: (1) inductive power transfer will never be as efficient as wired 

power transfer due to additional losses—still, to minimize this, we employ tuning techniques (see 

Implementation); (2) our approach requires proximity between the user and devices, thus it is most 

applicable to devices that only need to power on when the user is close or touching them; (3) our 

approach requires modification of existing devices to be compatible with wireless power, which 

can result in requiring some retrofitting and possible changes to form factor; (4) metallic obstacles 

(e.g., a metal enclosure) will introduce unintended losses via eddy currents and may interfere with 

effective power transfer [100, 299]; (5) for our complete vision in which every user can power 

devices on-demand, all users must be equipped with wearable transmitters/coils. While the latter 

is a limitation, it can also be a strength and a worthwhile vision for research, as this allows us to 

explore the goal of a one-to-many and natural power delivery system, as there are many more 

devices in the world than there are people [92]. Future work may investigate deeper not only into 

the limits of affordances within Power-on-Touch but also identify opportunities in this space. 
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Implementation 

To help readers replicate our design, we now provide the necessary technical details and 

fabrication process. Power-on-Touch consists of two principal components: (1) many battery-free 

devices in the environment that are powered wirelessly with our receiver tags and (2) our wearable 

wireless transmitter (battery, microcontroller with BLE, voltage booster, switching circuit, and 

coils).  

Achieving Resonant Inductive Coupling 

Ordinary inductive charging (e.g., commonly used with electric toothbrushes) is efficient when the 

transmitting and receiving coils are especially close together and well-aligned. However, as the 

gap between coils increases or the alignment skews, this efficiency plummets. Therefore, the key 

to achieving our approach at reasonable efficiencies is to tune our transmitting and receiving 

circuits to resonate at the same resonant frequency. This is called resonant inductive coupling, and 

greatly improves both the efficiency and power transfer over distance/misalignment. For example, 

early seminal work demonstrated 40% efficiency over a distance of 8 coil diameters [126]. Had 

these coils not been carefully tuned, this efficiency would be many orders of magnitude lower. 

Thus, to maximize efficiency, and therefore enable a wider range of interactions (e.g., powering 

while hovering, stronger actuators, etc.), we carefully tune all our circuits. 

Tuning consists of a series of steps. First, each coil has its own quality factor, (Q-factor) a 

measure of the frequency at which the coil experiences the lowest losses. In other words, driving 

our coils at frequencies for which a coil has a high Q-factor results in greater efficiency (and lower 

temperatures). In our Technical Evaluation, we use impedance analysis to find coils that have high 

Q-factors at our desired frequency. Then, the coils are tuned to the resonant frequency by placing 
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a capacitor in parallel. This turns the circuit into an LC circuit, which has a well-defined equation 

for undamped resonant frequency: 𝑓𝑓 = 1
2𝜋𝜋√𝐿𝐿𝐿𝐿

. In practice, damping occurs; as such, we hand-tune 

the capacitor value to ensure resonance at the transmitting frequency. These steps are taken for 

both our transmitting and receiving coils, and as we show in our circuits, we leave room for 

multiple parallel capacitors in our PCBs to enable fine-grain tuning. In the future, integrating 

dynamic frequency tuning may automate this process [210]. 

Coil Design 

We implement and characterize three types of coils in our approach: (1) large-coils typically worn 

on the back-of-the-hand and used in grasping or palmar interactions; (2) small-coils typically worn 

on the fingernail and used in single-finger touches; (3) spherical-receivers designed to receive 

power omnidirectionally. We investigate both traditional spiral coils and spiderweb coils for their 

low self-capacitance [143]. In general, we recommend pairing the receiving coil’s diameter to be 

close to that of the transmitting coil for maximal efficiency [268].  

Large-coils. Large diameter coils are our default coils. The larger a coil’s diameter, the further 

its field travels [227]. Thus, larger coils tend to enable greater magnitudes of power transfer and 

higher efficiencies. Therefore, we use larger diameter coils when the interaction permits (i.e., the 

user’s body part can accommodate a larger coil, like on the back of the hand, foot, arm, etc.) and 

when the receiving object can fit a large coil without dramatic consequence to form factor.  

Small-coils. In instances where larger coils are unsuitable (e.g., fingernail for power over 

single-finger interactions), we opt for smaller diameter coils. As shown in our Technical 

Evaluation, this comes at a small cost to efficiency. However, as we also show, the power transfer 

of smaller coils can be increased by adding ferrite backings that direct the field [232]. 
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Spherical-receivers. To best enable our vision of robustness to various types of touches (e.g., 

angles, etc.), we wound and characterized spherical coils designed to receive power 

omnidirectionally— as we show in our Technical Evaluation, no matter the direction from which 

user approaches, power is received, unlike traditional, flat coils, which have dead zones when coils 

are arranged perpendicularly [58, 108, 109]. We recommend these coils in devices that don’t have 

affordances that suggest directionality, such as cylindrical devices (e.g., microphones).  

Coil Wearability. Figure 55 shows three distinct coil materials that we explored, each with 

their own benefits. First, we engineered rigid coils made from solid copper wire. While these coils 

prove effective for receivers, their rigidity becomes problematic for wearable transmitter 

applications, as demonstrated by the difficulty in bending a sample coil in Figure 55a. In contrast, 

Litz wire presents a more conformable alternative, comprising multiple thin individual wires that 

enable significantly greater flexibility compared to solid wire of equivalent gauge (Figure 55b) 

[233]. At the opposite end of the spectrum, we engineered stretchable coils by embedding liquid 

metal channels within silicone(as in [241]). While these stretchable coils offer superior flexibility 

(Figure 55c), they did not match the efficiency of our flexible or rigid coils. Ultimately, we found 

Litz wire to strike a better balance between being flexible for wearability and performance in our 

transmitter’s frequency range; Litz wire is effective at reducing losses due to skin effect and 

proximity effects within 100kHz-1MHz [202]. We deliberately chose to wear transmitter coils on 

body parts that minimize interference with manual interactions, such as the back of the hand or 

fingernail, as opposed to gloves [300]. While we could have placed coils on the palmar side of the 

hand or finger—which would significantly increase transmission efficiency—this would have 

correspondingly and dramatically reduced user dexterity. We attached these coils to the user's body 

using double-sided tape and tacky silicones, though future work might explore alternative 
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attachment strategies, such as semi-open gloves. Moreover, while our current implementation 

employs traditional coil form factors, our approach remains compatible with other materials and 

fabrication techniques. Potential future iterations could integrate coils into knitted textiles [196] or 

jewelry [239], for improved social acceptance and wearability. 

 

Figure 55. We tested coils made of (a) solid wire, (b) flexible Litz wire, and (c) liquid metal wires (silicone tubing 

filled with EGaIn). 

Engineering our Wearable-Transmitter and Receiver-Tags 

We engineered (1) a wearable-transmitter and (2) receiver-tags, as shown in  

Figure 56 & Figure 57.  

Wearable-transmitter. Our wearable transmitter primarily consists of a battery (1200mAh), 

microcontroller with BLE (Seeeduino XIAO nrf52840), DC-DC voltage booster (XL6009), 

transmission switching module (XKT-801: 50-900kHz adjustable, Taidecent), and coils worn on 

the user. We selected this frequency range based on compatibility with the Qi standard (100-

200kHz), a common standard in commercial devices [133, 264]. Thus, many commercially-

available coils are optimized for this range, enabling prototyping with proven coils. This is just 

one physical implementation of the conceptual principle of Power-on-Touch, and implementing 

other standards (e.g., NFC at 13.56MHz) is possible. In fact, higher frequencies may lead to 

improved wearability, as they afford coils with fewer turns/smaller diameters [132, 293]. 
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The battery powers the microcontroller, which uses a MOSFET (RFP30N06LE) to control the 

current flow from the battery through the voltage booster, which steps the voltage up from 3.7V 

to 32V, before being fed into the transmission module. Our wearable transmitter contains a power-

monitoring circuit consisting of a current sensor (ACS70331) in combination with the nrf52840’s 

built-in battery voltage monitor to actively sense the reflective load presented by nearby receiving 

coils. While our implementation of a transmitting circuit is made from individual modules 

assembled on protoboard, the device can be miniaturized with a custom PCB. 

The transmitter’s power consumption varies based on its operational mode. During active 

power transmission for our typical large-coil, the transmitter draws 3.2W (0.85A), and this 

increases to 4.5W (1.2A) when a receiver coil is nearby. With a 1200mAh battery, the transmitter 

can continuously emit power for ~1h. However, we conserve battery life by only transmitting at 

full power when a receiving coil is detected. In standby mode with test-pulses to detect if a receiver 

is present, power consumption drops to an average of 0.3W, extending battery life to ~9.5 hours. 

 

Figure 56.  (a) Our wearable transmitter and (b) its schematic. 

Receiver-tags. We engineered a custom PCB for our receiver-tags containing a rectifying 

circuit, a supercapacitor, microcontroller with BLE (Seeeduino XIAO nrf52840), and MOSFETs 

for controlling high-power devices (actuators, displays, etc.). It can accommodate up to three 
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receiver coils with various tuning capacitors. The received AC power is rectified through fast-

switching diode bridges (1N4148, while we experimented with rectifier-specific diodes, we found 

fast-switching to be necessary to reduce losses at high frequencies). The rectified DC power is 

then smoothed through capacitors. Since our rectifiers are wired in series, the voltages from each 

coil add together. This total voltage is used to charge the supercapacitor (330mF, 5.5V). The 

benefit is that our tags can accommodate multiple coils for added robustness to variations in touch, 

as well as our spherical-receivers, which consist of three coils on orthogonal planes. 

The supercapacitor directly powers the microcontroller, which was chosen for its fast boot 

time, low minimum operating voltage (1.7V), and simple footprint for producing and deploying 

receiver tags rapidly. Our PCB exposes all but two of the XIAO’s I/O pins for easy prototyping. 

Two pins are dedicated to controlling onboard MOSFETs (SIA436DJ). We use these MOSFETs 

to control high-power components; when the supercapacitor is charging, the MOSFETs remain 

open until a sufficiently high voltage is reached for actuation. This is especially critical as many 

high-power devices have an “activation energy” that must be overcome to turn on. Using 

MOSFETs isolates higher-power components from draining the supercapacitor. Supercapacitors 

enable our approach to quickly charge with sufficient energy to generate high power actuation and 

short-term sustained power because, supercapacitors charge faster than batteries, and more 

importantly, balance energy storage with charge and discharge times. While supercapacitors do 

not hold as much energy as a comparably sized lithium-ion battery, they trade capacity with power 

density [121], which allows for fast charging/discharging speed (orders of magnitude faster than a 

battery of similar capacity). The supercapacitor circuit can be tuned to balance storage (increasing 

capacity) vs. charging time (decreasing capacity). 
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Figure 57. (a) Our custom receiver tag PCB and (b) its schematic. 

Detecting Receiver Tags and Communication 

While our primary goal focused on implementing a wireless power technique for powering battery-

free devices to scale up the number and diversity of devices (including actuators) in ubiquitous 

computing, we also implemented a basic tag detection and communication schema. Rather than 

our transmitter constantly emitting power into the environment and needlessly wasting energy, we 

implemented a simple protocol for detecting when receiving tags are nearby. Our transmitter 

periodically sends out short (50ms) test pulses at monitored power draw. When a receiving coil is 

nearby, the transmitting and receiving coils’ coupling increases and the receiving coil naturally 

draws more power from the transmitter during the test pulse. If a test pulse’s power draw exceeds 

our threshold for knowing a potential receiver is nearby, our transmitter switches from test pulses 

to transmitting at full power. Since our receiver tags feature a BLE microcontroller, upon receiving 

power, the tag can begin advertising itself as a BLE device to let the transmitter know its specific 

needs or its supercapacitor’s voltage to strategically control transmission for better energy use. 

This type of reflective load sensing is very similar to how wireless chargers based on the popular 

Qi standard operate [264].  
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We acknowledge that there are multiple ways to implement sensing (e.g., RFID). While BLE 

requires time to pair and energy to stream, it is a simple protocol to demonstrate our full vision 

with communication. In the future, lower power and faster communication can be established by 

implementing an ultrasonic chirping circuit (inspired by Sozu [301]). 

Technical Evaluation 

To characterize the technical effectiveness, and more importantly, seek out improvements to our 

system, we performed a series of technical evaluations. Specifically, this section aims to find coils 

that efficiently transfer power so that we can best enable applications that are otherwise not 

feasible. Since electromagnetic fields decay dramatically over distance, even marginal gains can 

unlock new interactions and more robustness to variation in touch.  

1. First, we measure the quality factor (Q-factor) of a variety of coils, both commercially 

available and custom-made based on prior work. This gives us a view of how efficient each coil is 

with respect to frequency. 

2. Next, we measure the power transfer efficiency for pairs of candidate coils with respect to 

distance and alignment. This gives us insights into what kinds of devices we can power with 

different form factors, spacings, and alignments. 

3. Additionally, we test the robustness of these coils to changes in the angular alignment 

between coils. While flat coils are very effective when aligned angularly, their efficiency drops as 

the angular difference increases [53, 79]. As such, we propose and demonstrate a spherical-

receivers that can effectively receive power along all three planes. 

4. Finally, to characterize our approach’s ability to power real devices during interaction, we 

tested our approach on three example objects with different form factors and output modalities. 
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5. We perform a safety and thermal analysis to validate safe levels of electromagnetic field and 

heat. 

In summary, our Technical Evaluation demonstrates our approach’s ability to transfer a wide 

spectrum of power while being robust to different types of touch.  

Quality Factor Analysis 

First, we measure the quality factor, Q, of a variety of coils, both commercially available and 

custom-made based on prior work. The quality factor is defined as 𝑄𝑄 = 2𝜋𝜋𝜋𝜋𝜋𝜋
𝑅𝑅

, where f is frequency, 

L is inductance, and R is resistance. Since inductance and resistance also depend on frequency, the 

Q-factor is a frequency-dependent measure of where the coil experiences the lowest losses. In 

other words, to optimize our system’s efficiency, we want to select coils with high Q-factors at our 

transmitting frequency. To perform this analysis, we used an impedance analyzer (Analog 

Discovery Studio), which gives insight into each coil’s resonant frequency and the Q-factor and 

bandwidth, especially in relation to other coils. We swept a 5V sine wave through each coil and a 

known value resistor at frequencies from 1kHz to 5MHz in 1001 steps, taking the average at each 

point over a 500ms excitation. We performed impedance analysis for a variety of palm-sized coils, 

nail-sized coils, and spherical coils. Figure 58 presents the Q vs. frequency for our three types of 

coils. 
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Figure 58. Quality factor with respect to frequency for (a) large-coils, (b) small-coils, & (c) spherical-receivers. 

Impedance analysis yields insight into the coils that perform efficiently at our wearable 

transmitter’s effective frequency range (50-900kHz). In each of our applications, we select coils 

with Q-factor greater than 95 for our selected transmitter frequency to support increased 

efficiency. In a similar effort to increase efficiency, we pair transmitting and receiving coils with 

similar resonant frequencies/bandwidths so that both perform maximally. In the following 

subsections, we further evaluate pairs of coils (individual coils labeled in Figure 58) following this 

principle. Generally, we find that large-coils have lower resonant frequencies and greater Q-factor 

than small-coils. This trend is highlighted by our spherical coils, where, for the same number of 

turns, decreasing coil diameter led to higher resonant frequencies and reduced Q-factor. As such, 

to maximize efficiency, we often aim to use the largest coils that an application permits. Finally, 

we found that ferrite backings shifted the resonant peaks. In the following subsection, we further 

investigate how ferrite backings can affect the power transfer efficiency. 



125 
 

Power Transfer with respect to Distance and Alignment 

Next, we measure the power transfer efficiency for pairs of coils with respect to distance and 

alignment. This gives us a view of the types of devices we can power with different form factors, 

coil spacings, and affordances. We built a test apparatus using a pegboard with a grid of holes 

(7.5mm spacing) and adjustable height; we 3D-printed jigs that fixed the relative position between 

pairs of coils as shown in Figure 59. By sampling (4MHz sampling rate) the transmitted and 

received power over points in the grid at different heights, we can construct a 3D view of the power 

transfer. Here, we measured the “end-to-end” power transfer, i.e., we monitored the DC power 

draw of our transmission circuit and the rectified DC power through a load (250ohm) of our 

receiver circuit. All coils were tuned to the selected transmission frequency. Following these 

results in air, sections 6.4 and 6.5 investigate efficiency when coils are worn on the hand. 

Large-coils. We tested the power transfer of coils 1 (transmitter) and 2 (receiver) at 320kHz. 

Figure 59 shows the 3D plot of efficiency and received power. We found a peak efficiency of 55% 

when coils were well-aligned and separated by 5mm; this corresponds to 2.2W received for this 

pair of coils. Our efficiency is comparable to other wireless power approaches within HCI, e.g., 

Meander Coil++ and TouchPower had end-to-end efficiencies of 25% and 46%, respectively [241, 

300]. Given our aim to pass power through to the palm from the back of the hand, as well as 

enabling hovering, we are also interested in the performance at greater distances. For example, at 

25mm gap (approximately the thickness of a hand) and no offset, the received power was 1.03W, 

suggesting that higher power devices (e.g., motors) can be powered through the thickness of the 

hand. At 45mm gap, the received power was 38mW; modern microcontrollers (e.g., nrf52840 used 

in our tags) consume well below this power even without entering power-efficient modes, 

suggesting that Power-on-Touch can power microcontrollers upon hovering [312]. Additionally, 
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we found that the received power was maximal when coils were aligned and decreased as the offset 

reached approximately the coils’ radius. 

 

Figure 59. (a) Our pegboard apparatus for controlling 3D alignment between coils. Power transfer with respect to 

distance and alignment for a pair of large-coils: (b) efficiency and (c) received power.  

Small-coils. We tested the power transfer of coils 4 (transmitter) and 5 (receiver) at 640kHz. 

Specifically, we aimed to determine whether ferrous backing, which typically is used in 

commercial wireless chargers to improve coupling, is beneficial for small-coils, which typically 

exhibit worse efficiencies than larger coils. As such, we tested our small-coils both without any 

ferrous backing (Figure 60a) and with ferrous backing (Figure 60b) to determine their effect. We 

found that the peak received power nearly doubled when ferrous backing was used (no ferrous 

backing peak received power: 0.87W; ferrous backing peak received power: 1.63W). At 

approximately finger thickness (15mm), ferrous backing also led to greater received power (no 

ferrous backing peak received power: 121mW; ferrous backing peak received power: 88.4mW). 

As such, we use ferrous backings on our small coil pairs to boost their efficiency. 
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Figure 60. Power transfer with respect to distance and alignment for a pair of small-coils (a) without ferrous backing 

and (b) with ferrous backing.  

Robustness to Angles 

While flat coils are compact and very effective when aligned angularly, their efficiency drops as 

the angular difference increases [53, 79]. As such, to ensure robustness to different angles of touch, 

especially in applications where the angle of touch is expected to vary, we implement and 

characterize spherical-receivers designed to receive power in multiple dimensions. We performed 

this evaluation by rotating a spherical-receiver (coil 3) 360 degrees about its three axes while 

measuring the power received from a transmission coil (coil 6) at 15-degree increments. The z-

spacing of the coils was set to 30mm and we tested both when the coils were axially-aligned and 

offset by the transmitting coil’s radius. Figure 61 shows the average received power for each axis 

and alignment. As shown, the average received power for each axis is similar, indicating that 

spherical-receivers can be expected to receive power omnidirectionally. When the coils are axially-

aligned, we found an average received power of about 130mW, enough to power a small vibration 

motor. As expected, the received power decreases with axial misalignment, but the received power 

is still roughly equal across the three axes. It is important to note that this test was performed with 

a 25mm diameter sphere, which strikes a compromise between compact size for embedding into 

objects and power transfer efficiency. Increasing the size of the sphere and decreasing the gap 

between coils both lead to increased power when designing applications.  
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Figure 61. Average received power (mW) rotated about three axes of our spherical coils.   

Characterizing Performance in Real Devices 

Up to this point, we have characterized our system within a lab; however, real-world objects and 

environments often do not align with the ideals of the lab. As such, we now evaluate our system 

using real devices and interactions (e.g., grasping, touching, hovering) to measure the power 

transfer and the time to charge to produce useful outputs (e.g., sending a signal or driving a motor). 

To inform the likeliness of an interaction pose, we leverage the ContactDB dataset [26], which 

contains data on grasping 50 common objects (e.g., doorknob, cellphone, etc.) from 50 participants 

to create heatmaps of contact likeliness. In this study, we mimic likely touches from three of these 

objects (shown in Figure 62), as well as test alternative, less-likely touches while interacting with 

our devices.  

 

Figure 62. Contact likeliness heatmaps from ContactDB [26] that we used to inform touch interactions during 

characterization. 

TV Remote. First, we tested a TV remote, from which we removed the batteries and converted 

to being powered by our receiver tag and two coils, as shown in Figure 63. First, we measured the 
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power consumed by the remote. As shown in Figure 63a, the remote consumes very little power 

when idle, but wakes upon a button press, followed by sending short a transmission signal, with a 

peak power of about 34mW (and total energy consumption of 0.9mJ). 

To inform our touches, we refer to the heatmaps from the ContactDB dataset [26] for a 

similarly shaped device with similar buttons for interaction, a cellphone. We mimic the likely 

touch from the dataset’s heatmaps, as well as our own, alternative touch which rotates the hand 

180 degrees from the likely touch, as shown in Figure 63c. Figure 63d presents the received power 

in both interactions. We found that the likely touch resulted in 100mW of received power, while 

the alternative touch resulted in 40mW. Given the remote’s peak power draw of 34mW, both 

touches can sufficiently power the remote. In fact, the spare power during the likely touch can 

even be used to add haptic feedback to the remote; as shown in Figure 63b, we added a vibration 

motor to augment the remote with eyes-free feedback and notifications.  

Figure 63e shows the supercapacitor’s charge over time starting at picking up the dead remote 

in the likely touch (rapid increase in supercapacitor charge indicates initiating pickup). As shown, 

the tag’s microcontroller wakes about two seconds after the remote is picked up; the remote can 

then immediately function as though it were powered by batteries. Moreover, we demonstrate 

augmenting the remote with vibration feedback, which results in a brief supercapacitor voltage 

drop, followed by a rapid rise upon ceasing vibration. 
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Figure 63. (a) Measured power consumption of the TV remote during a button press. (b) Our modified, battery-free 

remote, including two receiver coils and a vibration motor. (c) Our mimicry of the likely touch and our alternative 

touch. (d) The measured received power for both the likely and alternative touch (five repetitions). (e) 

Supercapacitor charge vs. time in the likely pose, detailing the microcontroller’s waking, sending signals upon 

button press, and added vibration notifications.  

Karaoke Mic. Second, we tested a karaoke microphone, from which we removed the batteries 

and converted to being powered by our receiver tag and a spherical-coil, as shown in Figure 64. 

We measured the karaoke microphone’s power draw, which consists of powering the microphone 

transducer, streaming audio over BLE, and a small OLED display. Figure 64a plots this power 

draw along with a moving average. The microphone’s average power consumption was 60mW, 

with spikes up to 130mW. 

To inform our touches, we refer to the heatmaps from the ContactDB dataset [26] for a similar, 

cylindrical device with similar buttons, a flashlight. We mimic the likely touch from the dataset’s 

heatmaps, as well as an alternative touch in which the microphone is held lower, increasing the 

misalignment between the coils, as shown in Figure 64c. Figure 64d illustrates the received power 

in both interactions. We found that the likely touch resulted in 138mW of received power, while 

the alternative touch resulted in 73mW. Thus, both touches exceed the average power draw of the 
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microphone. However, spikes in power draw may exceed the instantaneous received power. This 

is where the benefits of our tags’ supercapacitor become clear: the supercapacitor stores energy 

when there is an excess and can help compensate the instantaneous received power when the power 

draw spikes.  

Figure 64e plots the supercapacitor’s charge over time beginning with picking up the dead 

microphone in the likely touch. As shown, the tag’s microcontroller wakes about two seconds after 

the microphone is picked up. As the supercapacitor charges, more functionalities become 

available, such as the screen turning on at six seconds and streaming audio over BLE at seven 

seconds. After this initial charging from 0V, the microphone functions stably.  

 

Figure 64. (a) Measured power consumption of the microphone. (b) Our modified, battery-free microphone 

including our spherical-coil. (c) Our mimicry of the likely touch and our alternative touch. (d) The measured 

received power for both the likely and alternative touch (five repetitions). (e) Supercapacitor charge vs. time in the 

likely pose. 

Doorknob (with motor-controlled lock). Finally, we directly adapted an object from the 

ContactDB dataset [26]; we 3D-printed the studied doorknob from the dataset and hollowed it to 

embed a receiver coil directly inside, as shown in Figure 65. To illustrate how our approach enables 

powering actuators without batteries during interaction, we made a motorized latch that locks and 
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unlocks a cabinet to which we attached the doorknob. Figure 65a shows the power draw of the 

latch’s motor, which exceeds 600mW for 350ms.  

Again, we mimic the likely touch from ContactDB, as well as an alternative, looser touch in 

which the palm doesn’t touch the knob, as shown in Figure 65c. Figure 65d shows the received 

power for both touches, where the likely and alternative touches resulted in 548mW and 83mW, 

respectively. While each of these is below the instantaneous power draw of the motor, our 

supercapacitor again aids by charging until it has stored sufficient energy to drive the motor. As 

shown in Figure 65e, this only takes about two seconds after grabbing the doorknob since the 

circuit’s idle power consumption is low.  

 

Figure 65. (a) Measured power consumption of the motorized latch. (b) Our cabinet features a battery-free, 

motorized latch that triggers upon doorknob touch. (c) Our mimicry of the likely touch and our alternative touch. (d) 

The received power for both the likely and alternative touch (five repetitions). (e) Supercapacitor charge in the likely 

pose while the user opens/closes the cabinet. 

Discussion: Design Strategies for Specific Applications 

While we used the same circuit components in our technical evaluation to reduce complexity, our 

tags’ supercapacitor circuit can be tailored to each specific application. Each of the examples in 

our technical evaluation were designed to be complex to demonstrate the high-power capabilities 
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of our approach. For example, TV remotes are not normally augmented with vibrotactile feedback, 

thus their power demands are much lower and would therefore not require a large supercapacitor 

(or even a supercapacitor at all). In fact, if both the required power and the received power have 

been determined, the supercapacitor and its series resistor (determines charge/discharge rate) can 

be selected to to speed up the device’s time to turn on. In cases where the delay may impact 

experience, analog circuits that give indication to the user that the device is receiving power and 

will turn on soon can mitigate uncertainty. As an example, an LED can be placed after the power 

is rectified, in a way that its brightness signals the power is being transferred. Moreover, additional 

LED or other forms of user feedback (e.g., the vibrations we use in some of our examples) can be 

controlled by a microcontroller to signal to the user that the device is now fully charged and 

operational. Ultimately, Power-on-Touch can take advantage of many design patterns used in 

modern devices to signal their readiness to their user. 

Safety and Thermal Performance 

Finally, we perform a safety and thermal analysis to validate that our wearable system transmits 

safe levels of electromagnetic field and does not significantly heat the skin. The IEC 60601-2-33 

guideline defines the safe specific absorption rate of radiated energy in extremities (e.g., hands) at 

20W/kg during occupational exposure and 4W/kg during general public exposure [310]. To 

determine the specific absorption rate of our system, we designed an experiment based on prior 

biomedical work on wearable wireless power [16]. We placed a transmitter coil on the back of the 

hand and aligned it to a receiving coil on the palm while measuring the received power. We then 

measured the received power across the same distance and angle in air, while keeping the 

transmitted power the same (4.5W). The difference between the received power in air and through 

the hand indicates the amount of power being absorbed by the hand. This was repeated five times 
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for each condition. Figure 66a shows the received power for each condition. We found that 

efficiency decreased by 0.82% and received power by 0.04W when transmitting through the hand. 

Considering the weight of a human hand is about 400 grams [54], the absorbed power averages 

~0.1W/kg for a 4.5W transmission. Thus, our system is ~40x below the suggested limit, which 

suggests a factor of safety below the safe absorption rate. 

 

Figure 66. Safety and thermal performance of a 4.5W transmitter on the back of the hand: (a) Received power 

through the hand and through the same distance in air. (b) Skin temperature vs. time. Shaded error denotes 95% 

confidence interval. 

While specific absorption rate is one measure of safety, thermal performance is also of interest 

as tissue heating can occur even at levels below absorption rate limits. As such, we measured the 

change in surface temperature of the back of the hand while wearing a 4.5W transmitter for 30 

minutes, as shown in Figure 66b. Over the course of the experiment, we found that the skin 

temperature increased by only 1°C while the coil’s temperature warmed to equilibrium with the 

skin. Given that our designed interactions are brief, on-demand, and well below 30 minutes of 

constant transmission, we can conclude that our particular implementation (i.e., transmitting at 

<1MHz) is safe when considering tissue heating. Note that there are additional safety cases that 

should be evaluated before deployment to a wide audience, such as characterizing potential 

interference with safety-critical devices like pacemakers [29]. 
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Additional Applications 

To illustrate the versatility of our approach, we demonstrate a wide range of applications, where 

we use Power-on-Touch to propose new opportunities for battery-free, interactive devices in 

ubiquitous environments. We implemented nine applications, including the three presented in our 

Technical Evaluation.  

Communal Devices 

Communal devices that are shared among users can be retrofitted into Power-on-Touch devices, 

so that the devices receive power directly from the user, without needing additional maintenance 

(changing/charging batteries). 

Digital calipers. We retrofitted a battery-powered digital caliper with our receiver-tag and 

coil, making it batteryless. The receiver coil is attached to the outer case where users typically 

hold. The user, who wears our nail-type transmitter on their finger, will power on the caliper by 

simply picking it up. 

Digital body scale. We retrofitted a battery-powered digital scale with our receiver-tag and 

coil. The receiver coil is attached to the top surface of the scale. This allows a user, who wears 

shoes with our transmitter coil embedded in the insole, to power the scale upon stepping on it. 

Thermostat. We created a batteryless thermostat that works upon the touch from the user. 

Utilizing a small transmitter coil, the thermostat can draw power from the user to power on the 

microcontroller with a temperature sensor, an e-ink display, and buttons for control. 
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Figure 67. (a) A digital caliper is powered while the user holds it. (b) A digital body scale is powered on when the 

user, wearing shoes embedded with transmitter coil, steps on it. (c) A batteryless thermostat that contains an ink 

display and a thermistor. 

Quick/disposable Interactions 

Power-on-Touch can be made into devices that offer quick or disposable interactions. 

Service button. We showcase a batteryless service button that can be used in restaurant 

settings. When the user’s finger, wearing a transmitter coil, hovers over the button with an 

embedded receiver coil, the microcontroller inside is powered up and lights up an LED to indicate 

it is “on.” When the user presses the button (to call for service), a buzzer beeps and the 

microcontroller sends out a wireless message through BLE containing the table number to the staff. 

Actuated surprise box. We created a surprise box with an automatic-opening mechanism. 

When a user, wearing the palm-mounted transmitter coil, touches the box, the geared motor inside 

the box is powered on and lifts the lid to reveal a surprise figure. 

Interactive birthday card. Since our receiving-tag is slim, it can be embedded into a birthday 

card, making it interactive. When the card receiver, wearing the transmitter coil on their palm 

opens the card, they power up the circuit inside the card, play a melody through the speaker, and 

light up LEDs. 
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Figure 68. (a) A user in a restaurant uses a batteryless service button equipped with our receiver coil to call for 

service. (b) A surprise box opens automatically when touched by the user wearing a coil. (c) A birthday card that 

plays a melody and lights up when held. 

Conclusion 

We introduced Power-on-Touch, a novel method for powering devices during interaction using 

wireless power transfer between a user-worn coil and object-embedded coils. To enable many 

possible interactions with our novel concept, we performed technical characterizations (e.g., 

impedance and 3D-efficiency analysis) to reveal which coils best support a wide range of 

interactions (e.g., grasping, touching, hovering). On the technical side, this technical approach can 

inspire ubiquitous computing with new ways to scale up the number and diversity of battery-free 

devices, not just sensors (µWatts) but also actuators (Watts). We believe that future researchers in 

HCI equipped with our approach can improve our approach’s efficiency with dynamic impedance 

matching/capacitive tuning as well as its range via alternative coil architectures to unlock further 

interactions.  

We tend to think of Power-on-Touch not as an end-product but as a design technique that will 

inspire the creation of a new type of battery-free interactive devices that can even unlock new use 

cases. Thus, we have published the detailed fabrication process, hardware schematics and code as 

open-source to accelerate future research (see Chapter 1, Contributions).  
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Conclusion 
This dissertation explored new approaches to enable actuation at scale in ubiquitous computing 

environments. While sensors have become ubiquitous, actuators have lagged behind, primarily due 

to their high power requirements. Through four technical implementations, we demonstrated how 

moving power sources to wearable devices can enable scalable actuation while minimizing the 

burden of battery maintenance. However, these implementations are not the end goal, but rather 

provocations that open new questions and opportunities at the intersection of energy and 

sustainability, materials science, and interaction design. 

The Future of Ubiquitous Actuation 

Our work reveals several key challenges and opportunities for the future of ubiquitous actuation: 

Energy and Sustainability 

The vision of ubiquitous actuation presents a fundamental challenge of scale: as we deploy more 

actuators throughout our environments, their cumulative energy consumption becomes a major 

concern. While this dissertation reduced the number of batteries to a single wearable power source 

per user, we must confront deeper questions about sustainability in ubiquitous computing. 

Current battery technology, particularly lithium-ion batteries, has enabled the mobile 

computing revolution but comes with severe environmental costs: the energy required to produce 

them is immense, they have severe environmental consequences, and recycling them remains 

difficult [81, 180, 230]. Because actuation inherently costs more energy than sensing, making it 

ubiquitous has significant ramifications for sustainability.  

Our work points toward several promising directions for more sustainable ubiquitous 

actuation: 
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Energy Harvesting and Sharing 

A whole energy economy is emerging around devices harvesting and exchanging energy. For 

example, in 2016, PowerShake [281] demonstrated sharing energy between devices like phones 

and watches, a feature now available in modern commercial devices. More recent work like Power-

over-skin [118] showed how energy could be transmitted through the skin from a central battery 

to power batteryless, peripheral wearables. 

There has also been growing focus on more natural ways to charge wearable batteries, whether 

through daily interactions with kinetic objects in the environment [288] or through wearables that 

harvest energy directly from the user [252]. These methods are exciting because they complement 

our work. Power-on-Touch may charge its battery by harvesting or sharing power, then transfer 

that energy back to other devices as needed. 

Rather than relying solely on batteries, this emerging energy economy suggests a future where 

power flows dynamically between users, wearables, and environmental devices. Our technical 

approach enables this by reducing power requirements to a single wearable source that may both 

receive shared energy and distribute it to passive elements in the environment. 

Efficient/Sustainable Power 

While our approach of placing the power source on the user rather than in the environment reduces 

the total number of batteries needed, it represents just one step toward more sustainable ubiquitous 

actuation. By enabling a single wearable power source to drive many passive elements, we reduce 

not only the number of batteries that need to be manufactured and maintained but also minimize 

electronic waste from replacing batteries in environmental devices. 

However, this approach still depends on battery technology. For actuation to truly become part 

of our daily lives, we need new, eco-friendly energy storage solutions. The battery technology we 
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have today, while functional, requires enormous energy to produce and creates significant 

environmental impact through mining and manufacturing. The electricity used to charge these 

batteries should ideally come from sustainable sources, a transition that will require changes not 

just in technology, but in infrastructure.  

The path toward sustainable ubiquitous actuation requires addressing several open challenges: 

• Developing efficient actuators that operate with less power while maintaining effectiveness 

• Engineering better energy harvesting techniques that can generate useful amounts of power 

from everyday activities 

• Designing interactions that make users aware of and engaged with energy consumption 

Materials and Integration 

Right now, while the devices we demonstrated successfully provide haptics at scale, they are still 

distinct from Weiser's vision of being seamless: users are very aware they are wearing these 

devices and that they are the power source. Our ultimate vision lies at the intersection of Weiser's 

ubiquitous computing and human-computer integration: we want actuators that integrate so well 

with people that they disappear into the background. 

Throughout this work, we have scratched the surface of new materials that could enable this 

vision (e.g., soft magnets in MagnetIO that conform to objects and body parts, conformal thermal 

conductors in ThermalGrasp that redirect heat while preserving natural interaction, stretchable 

wireless power coils in Power-on-Touch). However, when new materials emerge, integrating them 

into end applications is often difficult. This challenge manifests across our projects: How do we 

maintain magnetic strength while making magnets stretchable? How do we balance thermal 

conductivity with flexibility? How do we achieve efficient power transfer with deformable coils? 
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To achieve truly seamless integration, new materials and wearable form factors that function 

more like clothing or jewelry will be needed. This is not just about making devices smaller or more 

flexible, but about fundamentally rethinking how materials can serve both technical and aesthetic 

functions. Future actuators might be woven into fabric, embedded in jewelry, or even applied 

directly to the skin. 

We also need better tools to aid in materials design, as demonstrated by our work on 

ThermalRouter [149]. While not central to this dissertation, ThermalRouter showed how 

computational tools can help users work with novel materials by simulating and optimizing their 

properties. Similar tools could help bridge the gap between new materials and practical 

applications, accelerating the development of more integrated actuators. 

The path toward integrated ubiquitous actuation requires addressing several open challenges: 

• Moving from rigid to soft/stretchable actuators: While we have demonstrated initial steps 

with soft magnets and flexible conductors, future work needs to push further toward 

materials that match the mechanical properties of clothing, skin, and natural movement. 

• Developing tools that bridge prototyping and materials: As shown by ThermalRouter 

[149], we need better design tools that help users work with novel materials; not just 

simulating their properties but actively guiding design decisions about material selection 

and integration. 

• Making power more wearable: Power sources themselves need to become more integrated, 

whether through stretchable batteries, conformable energy harvesters, or new materials that 

can store and transfer energy while maintaining the comfort and aesthetics of everyday 

wearables. 
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Interaction Design 

The technical foundation for moving power sources to users opens up new questions about how 

we design interactions. While we have demonstrated that devices can share power during 

interaction, we need to think beyond just the technical capability: how do we make these 

interactions meaningful? 

Take Power-on-Touch as an example: right now, users need to deliberately touch or grasp 

objects to power them. Could this instead become as natural as a handshake? Could the act of 

sharing power become a more expressive interaction rather than the utilitarian "can I borrow your 

charger?" we are all familiar with today? Several key questions emerge for interaction designers: 

• How do we communicate power availability and transfer to users without adding cognitive 

burden? 

• How do we design devices to have affordances that naturally enable power transfer? 

• What is the threshold of adoption where power sharing works well (i.e., does everyone 

need to wear Power-on-Touch, or can energy be shared democratically even at lower 

adoption levels)?  

• What social protocols might emerge around sharing power between people and devices? 

• How do we design interactions that gracefully handle varying power availability without 

disrupting user experience? 

Our work suggests some initial directions; however, there is still much to explore. Should devices 

indicate when they need power? How do we handle cases where multiple users might power the 

same device? What happens when power runs low: should devices degrade gracefully or simply 

stop working? These questions will become increasingly important as we move toward 

environments filled with battery-free, interaction-powered devices. 
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The challenge ahead is to make power transfer fade into the background of interaction while 

still maintaining user agency and understanding of affordances. Just as we do not think about the 

mechanics of touching a doorknob to open a door, future users should not have to think about 

powering the devices with which they interact (unless explicitly intended to provoke awareness of 

power use). 

Open Challenges and Future Work 

Looking ahead, several key challenges remain: 

• Developing more sustainable power solutions for ubiquitous actuation 

• Creating truly seamless wearable form factors 

• Designing meaningful interactions around power sharing 

• Bridging the gap between technical capability and practical deployment 

While this dissertation has demonstrated the potential of user-worn power sources for enabling 

actuation at scale, it represents just the beginning of a broader transformation in how we think 

about powering ubiquitous interactive devices. As we continue to advance in materials, energy 

technology, and interaction design, we move closer to Weiser's vision of computing that truly 

weaves itself into the fabric of everyday life.  
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