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This particular advantage of EMS systems becomes more evident when we compare it 

with more traditional approaches, such as motorized exoskeletons. While exoskeletons 

tend to enclose the human body with mechanical structures (Figure 129a), EMS-based 

systems achieve a similar effect without the bulky hardware (Figure 129b). This is the 

result of a single central and unique aspect of EMS systems: where mechanical 

solutions add mechanical components to the user’s body, EMS-based devices instead 

borrow “components” from the user, in particular the “mechanics” already contained in 

the human body. This makes EMS systems comparably small and even allows them to 

be worn—invisibly—under the user’s clothes. 

5.1.2 Next step after wearables: devices becoming more personal 

This borrowing of parts of the user’s body not only allows for a small form factor, but 

also results in a particularly intimate relationship between user and device, which was 

something that we observed in user’s comments. For instance, participants of our user 

studies voiced the feeling of a blurred ownership of one’s own hand (in pose-IO), or 

attributed external agency to an inanimate spray can that was, in fact, actuated by means 

of their own muscles (in affordance++). We believe this ability to alter agency is a 

special property of EMS since it actuates the human body from within. However, further 

investigation with controlled experiments is needed to arrive at precise conclusions.  

Furthermore, recalling the history of interactive computing with which we opened this 

dissertation with, we can now wonder whether devices that borrow the user’s body 

might in fact be the next significant device paradigm.  

 
Figure 130: A possible evolution of interactive devices. (Images in CC0 Creative 

Commons by JESHOOTScom, Free-Photos and geralt_) 
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Figure 130 illustrates this by sketching out a possible evolution of interactive device 

paradigms. By considering our proposal, devices that overlap with the body, as a natural 

consequence of wearable interfaces it is possible to consolidate several lines of research 

in which devices literally share the user’s body, such as implanted interfaces [66, 95], 

on-body input [143, 56, 134], and interactive systems based on EMS. 

5.1.3 Bi-directional communication channel to the user 

Traditional interactive devices, including mobile devices, are separated from the user’s 

body. Therefore, these devices do not have a continuous communication channel to the 

user. Wearable devices, in contrast, tend to be in physical contact with the user’s body. 

This allows them to send messages to the user, e.g., by stimulating the user’s skin using 

vibrotactile actuators. Implanted devices [66, 95] are located inside the user’s body, 

where they are able to continuously read and actuate upon some of the user’s internal 

properties—as insulin pumps or pacemakers do—but their ability to talk back to the 

user is, unfortunately, limited. 

Unlike these three categories (mobile, wearable and implanted) EMS-based devices 

effectively overlap with the user’s body and this overlap allows them to maintain a 

continuous bidirectional channel (input and output) with the user. The result is a closed 

loop of input and output between user and device that users can perform eyes-free—a 

quality that gains in relevance as more and more wearable devices, such as smart 

watches, compete for the user’s visual attention. While many wearable devices can 

notify its user using vibration patterns, EMS is substantially more expressive since a 

pair of EMS electrodes can communicate a continuously changing parameter to its user. 

5.2 Outline and open challenges  

Now, we sketch an outline for the field of interactive systems based on EMS by listing 

open technical and philosophical questions that we left unanswered. 

5.2.1 Technical challenges 

There are many exciting hardware and software challenges in EMS-based interactive 

systems. To overcome these limitations in the future, we, in the research community 

need to deal with a wide range of challenges; in particular, current limitations in EMS 

precision must be addressed: 

1. Increase the robustness of EMS-based systems to variations in body posture and to 

muscular fatigue. One approach might be to add additional sensors that track limb 

orientation (e.g., accelerometers) and physiological signals (e.g., electromyography 

to measure muscle activity and chemical sensors that analyze sweat composition). 

2. In order to actuate with higher precision and enable more complex poses, it might be 

worth implanting microelectrode arrays [18] into the respective muscles. 
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3. To harmonize the control loops with the user’s voluntary muscle contractions, we 

may consider creating EMS systems that, simultaneously, sense muscle tension and 

thus track users’ voluntary motion. 

4. Concurrently with these developments, one would expect to see a series of other 

improvements that make EMS research easier and its outcome more applicable, such 

as automatic calibration procedures and methods that simplify the placement of the 

electrodes, embed them into textiles, and so on. Furthermore, recently, we have 

started to see some early examples of automatic calibration of EMS devices [84, 44, 

127, 79].  

5.2.2 Conceptual, philosophical & societal challenges 

Resource conflicts. The idea that a device can “borrow” the user’s limbs poses a number 

of interesting design challenges, such as the potential “resource conflict” that arises 

when user and device try to actuate the same limb at the same time. Our EMS-based 

systems solved this issue by having the EMS actuation configured to be weak enough to 

allow users to simply overpower the actuation. Another approach is to sense the user’s 

voluntary motion and to abort any device action whenever the user is trying to act (e.g., 

as in pose-IO).  

Shift in agency. Another challenge present in using any form of automated system, be it 

EMS-driven or motor-based, is a shift in agency. While the naïve assumption might be 

that any system that automatically actuates a user decreases the perceived agency, 

during our experiments, we observed users’ comments during that suggested blurred 

forms of agency—hinting that the notion of loss vs. gain of agency might not be strictly 

binary, but rather affords “sharing agency” with a device. 

We believe the question of agency is the fundamental piece for hybrid human-machine 

systems and the nature of EMS simply takes this question to the spotlight. We believe 

further investigation is required to understand how exactly is the sense of agency 

affected by such systems and, also, does EMS affect agency in any particular way?   

This question unfolds into a series of subsequent questions, such as: do we feel like we 

made a choice when we find our bodies act out such a choice? Does it make a difference 

whether we find our body actuated by mechanical contraption, or by a more “internal” 

EMS device? Answering these questions could potentially revolutionize a wide range of 

applications designed to teach us physical skills, such as haptic tutorial systems. 
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Ethical repercussions of a shared agency. The consequence of systems with shared 

models of agency is that they disrupt the fabric of societal norms. One example at the 

contemporary spotlight is the moral and liability paradoxes in self-driving cars, e.g., 

who is liable, and morally responsible, in the event of an accident while the car drives 

itself? Similarly, when using an exoskeleton or interactive system based on EMS, we 

can ask an enormous amount of variations to this question. Because of the wide 

implications of these questions and its societal repercussions we believe these should be 

investigated thoroughly and openly, with as much public interaction as possible.  

One powerful way to extend this discussion to the general public is to expose them to 

this paradox and incite critical thinking over the philosophical implications of hybrid 

technology that disrupts the traditional model of users controlling devices.  

As an outcome of this philosophical side of our work, we created a device that reverses 

the traditional “the user controls the device” paradigm and, instead, controls the user. 

Our creation, depicted in Figure 131, is a technological parasite that lives off human 

energy: the device harvests kinetic energy by electrically stimulating participants’ 

wrists. This causes their wrists to involuntarily turn a crank, which then powers the 

device ad infinitum.  

  
Figure 131: Ad Infinitum, a parasitical machine that lives off human energy. 

This device, which we call Ad Infinitum, was crafted to provoke users to consider the 

implications of this philosophical debate. This act of building a device to “ask a 

question”, rather than to “answer one”, made it more suitable for an artistic outlet. We 

have exhibited this device at prestigious venues, such as Ars Electronica (Linz, 2017) 

and Science Gallery (Dublin, 2017).  

While the systems presented above are all prototypes and not commercial deployments, 

one cannot overlook the ethical landscape around these novel interfaces. In particular, 

we expect our projects to spark more discussion on the subject of ensuring that EMS 

interfaces are used in a safe, responsible and secure manner.  
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5.3 Community outreach 

To allow other researchers to build on our work we have taken three steps.  

1. Open-source software. We made the code of the following prototypes open-source: 

1. Affordance++: https://github.com/PedroLopes/affordance  

2. Muscle-plotter: https://github.com/PedroLopes/openEMSstim 

3. MR: https://github.com/PedroLopes/HoloLens-ElectricalMuscleStimulation  

2. Open-source hardware. To enable researchers to get started on the—typically more 

time-consuming—hardware side of EMS, we created the openEMSstim, which is an 

open-source hardware module that programmatically adjusts the intensity of an off-the-

shelf EMS/TENS stimulator. Our hardware design is derived from [124], which was 

one of the results of two workshops that we jointly conducted with Pfeiffer et al. at 

IEEE WorldHaptics 2015 and ACM CHI 2016 conferences. The openEMSstim’s 

schematics, firmware code, documentation and step-by-step tutorials are available at: 

https://github.com/PedroLopes/openEMSstim  

3. Community outreach. Finally, to make these ideas available to the youngest 

generation of our research community, we utilized our openEMSstim as the hardware 

platform for all 18 student teams of the ACM UIST 2016 Student Innovation Contest.  

5.4 Final thoughts 

Our eight projects were designed to spark the idea of interactive systems based on EMS, 

while simultaneously, to some deeper extent, working out the conceptual framework of 

a larger theme: devices that overlap with the user’s body might be the natural successors 

to wearable computing.  

We foresee that this theme, on the subject of biological integration of devices & human 

senses, will unfold as the centerpiece of Human Computer Interaction, leading to a 

significant fusion with the Neurosciences.  
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