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HUMAN-ROBOT INTERACTION

Human motor augmentation with an extra robotic arm
without functional interference
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Extra robotic arms (XRAs) are gaining interest in neuroscience and robotics, offering potential tools for daily ac-
tivities. However, this compelling opportunity poses new challenges for sensorimotor control strategies and
human-machine interfaces (HMls). A key unsolved challenge is allowing users to proficiently control XRAs without
hindering their existing functions. To address this, we propose a pipeline to identify suitable HMIs given a defined
task to accomplish with the XRA. Following such a scheme, we assessed a multimodal motor HMI based on gaze
detection and diaphragmatic respiration in a purposely designed modular neurorobotic platform integrating vir-
tual reality and a bilateral upper limb exoskeleton. Our results show that the proposed HMI does not interfere with
speaking or visual exploration and that it can be used to control an extra virtual arm independently from the bio-
logical ones or in coordination with them. Participants showed significant improvements in performance with
daily training and retention of learning, with no further improvements when artificial haptic feedback was pro-
vided. As a final proof of concept, naive and experienced participants used a simplified version of the HMI to
control a wearable XRA. Our analysis indicates how the presented HMI can be effectively used to control XRAs. The
observation that experienced users achieved a success rate 22.2% higher than that of naive users, combined with
the result that naive users showed average success rates of 74% when they first engaged with the system, en-

dorses the viability of both the virtual reality-based testing and training and the proposed pipeline.

INTRODUCTION
Humans have always developed and used tools to increase their sensory
and motor skills. Remarkable proficiency in tool usage is one of the main
features of humankind and has had a fundamental role in our evolution-
ary process (I). A fascinating possibility is to increase our abilities even
more by providing extra limbs to be worn and controlled by the users in
addition to and simultaneously with the natural limbs. In the recent past,
extra robotic limbs have moved from the purely fictional world to be-
coming exciting tools providing additional degrees of freedom for aug-
mentation and restoration in able-bodied and clinical populations (2-4).
Various prototypes characterized by different mechanical designs, actua-
tion systems, and features have been proposed, with most robotic de-
vices consisting of one or two arms or fingers. Extra robotic fingers have
been tested in both augmentation and restoration applications, exploit-
ing human-machine interfaces (HMIs) based on, among others, simple
switch buttons (5), biological arm kinematics (6), toe-actuated force sen-
sors (7), foot motion tracking (8), and muscle recordings (9-11).

Extra robotic arms (XRAs) instead focus primarily on augmentation.
Their HMIs are often based on the use of foot movements (12-18)—a
strategy that limits the walking possibilities of the users. Moreover, only
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a few have gone beyond their initial proof of concept, with limited func-
tional characterization (19-21), and several examples limited their
assessment to only virtual extra arms, without translation to a physical
device (12, 15-17). As we recently pointed out (2), neural resources
allocation is a major challenge in the field. The identification and valida-
tion of sensorimotor control strategies that allow for independent and
coordinated control with respect to the natural limbs represent the
major concerns for the real-life use of XRAs, as well as the development
of control strategies that do not hinder users” other capabilities. A few
pioneering studies have started to systematically address this key issue,
limiting their initial assessment to the control of two-dimensional (2D)
or 3D cursors (22-25).

Here, we propose a comprehensive, step-by-step pipeline character-
ized by three different blocks (motor, sensory, and evaluation blocks)
that methodically explores the identification of appropriate HMIs in the
context of a designated task to be accomplished with XRAs. Following
the motor and evaluation blocks of this pipeline, we assessed an intuitive
and nonintrusive HMI that exploits two motor control modalities inher-
ently independent from the biological limbs: gaze, which is naturally in-
volved in reaching actions (26, 27) and was previously used for target
selection (28, 29); and diaphragmatic respiration, which can be volun-
tarily modulated (30), is simple to monitor (31), and is coupled with vol-
untary actions (32-35) and self-awareness (36, 37). Gaze was used
to orient the trajectory (by selecting a target), whereas voluntary modu-
lation of the diaphragm controlled the movement. The motor HMI
operates within the task-extrinsic kinematic null space, encompassing
motions of body parts not directly involved in the motor task (2). A sen-
sory HMI consisting of a haptic feedback display was also developed to
provide augmented tactile and proprioceptive information via skin
vibration and indentation, by partially following the sensory block of the
proposed pipeline. We chose to first integrate our HMISs for the control
of an extra virtual arm (XVA) to validate their suitability. To this end,
we developed a modular neurorobotic platform that integrates an
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Fig. 1. HMI for XRA development pipeline. Proposed pipeline for the devel-
opment of HMIs for XRAs given a defined task. The pipeline consists of three
blocks: the motor block, the sensory block, and the evaluation block. Each
block involves multiple stages.

immersive virtual environment (VE) and a bilateral upper limb exoskel-
eton allowing for powerful prototyping of immersive simulations (38)
engaging the user and provided a flexible environment for testing differ-
ent configurations, control strategies, and feedback approaches. Last, we
assessed the ability of both experienced and naive participants to control
an XRA using a simplified version of our HMI.

To validate our approach, 65 healthy volunteers participated in a se-
ries of tests involving a variety of tasks, including some executed without
visual input, to discern whether artificial haptic feedback affects perfor-
mance. Here, we provide a detailed account of our proposed pipeline,
the assessment of a multimodal HMI, and the insights gleaned from the
application of our method. We believe that our findings contribute to the
field and pave the way for more effective and efficient HMI design
for XRAs.

RESULTS

A pipeline for the development of HMIs for XRAs

Here, we propose a general pipeline for developing motor, sensory, or
sensorimotor HMIs for XRAs given a define task. The pipeline consists
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of three distinct blocks, one for the development of a candidate motor
HMI (motor block), one for the development of a candidate sensory
HMI (sensory block), and one comprising the evaluation steps for the
considered HMI or their combination (evaluation block). The pro-
posed components and steps of the blocks are depicted in Fig. 1 and
detailed below.

Motor block

The first step consists of defining the motor control strategy, and it
involves creating a strategy that outlines how the user will control
the movement of the XRA with the motor HMI. This strategy should
consider the motor intention, which is what the user aims to do with
the XRA, and the possible ways to control the XRA, such as using
direct brain-machine interfaces or indirect control through body
movements or gestures.

Once a control strategy is in place, the second step consists of
testing whether motor control intention can be decoded. The system
should be tested to ensure that the HMI can successfully interpret
and decode the user’s intended movements. If this test fails, the con-
trol strategy needs to be reevaluated and adjusted.

In the third step, the HMI is integrated within the XRA. The sys-
tem’s software and hardware are made to work together, ensuring
that commands from the HMI are correctly translated into move-
ments in the XRA.

The fourth step consists of testing whether related natural func-
tions are hindered. It is crucial that the HMI does not interfere
with the user’s natural movements or functionality. Given that it
would be unfeasible and a waste of resources to test whether any of
the biological functions the body can perform are impaired by the
use of the HMI, this step involves first assessing which of the user’s
capabilities are likely to be hindered. In most cases, those would be
the user’s functions normally related to the biosignals used by the
HMI (for example, the ability to balance and walk if the HMI is
based on foot control). Once identified, testing can proceed to en-
sure that such functionalities are not impaired. Although the si-
multaneous testing of the task involving the control of the XRA
and the task related to the biological functions investigated re-
mains the main focus, a characterization of the latter alone might
be deemed necessary in the case of a highly complex task. If the
test fails, the process reverts back to step 1; otherwise, a candidate
motor HMI that provides augmentation rather than resources re-
routing has been found.

Sensory block

The first step consists of defining a sensory feedback approach. This
step involves creating a plan for how the user will receive sensory
feedback from the XRA via the sensory HMI. This feedback could
include modalities such as pressure, temperature, or texture.

The second step entails testing whether the sensory encoding
strategy is clear. The sensory feedback approach needs to be tested to
ensure that the user can understand the sensory information deliv-
ered by the HMI. If this test fails, the sensory feedback approach
needs to be reconsidered and adjusted.

Similar to the motor control section, the third step involves inte-
grating the sensory HMI with the XRA to ensure that the informa-
tion is correctly transmitted from the XRA to the user.

The fourth step encompasses testing whether natural functions
are hindered. Just like in the motor block, the HMI should not inter-
fere with the user’s natural sensory flow at the HMI stimulation site.
If this test fails, the process goes back to the first step; otherwise, a
candidate sensory HMI has been found.
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Fig. 2. lllustration of the neurorobotic platform and the HMI tested for extra arm control. (A) The neurorobotic platform setup and the motor and sensory HMI compo-
nents. Image adapted with permission from M. Gafsou. The actuation of the XVA followed the motor decoding via eye tracking (Vive Pro Eye HMD; HTC Corporation, Taiwan)
and via the decoding of diaphragm modulation with a respiration belt (Embla XactTrace, Natus). Artificial feedback was possible via a haptic display consisting of a tactor and
vibrators. The actuation and force feedback of the avatar natural limbs occurred via the measurement of the joint angles and torques of the exoskeleton (ALEx, Wearable Robot-
ics Srl, Italy). (B) Schematic of the various motor decoding, actuation, and feedback modules integrated in the neurorobotic platform. The lighter color in the feedback compo-
nents indicate that they were not used for every user. (C) Example of motor decoding and actuation for a reaching movement with the XVA: (i) retracting the diaphragm below
a given threshold brings the XVA to the resting target position; (ii) target appears; (iii) the user gazes at the target to select it; (iv) the user has to reach and maintain the position
for 500 ms on the target. Feedback: The tactor encodes the distance of the XVA from the resting position. The pressure is null when the XVA is in the resting target. A strong

vibration is given when the cursor enters the target (double arrow), and a soft vibration is given when it exits (single arrow) from the target.

Evaluation block

In this block, after the previous steps are successfully completed, the
HMI is used with the XRA for a specific number of days (N days).
This testing phase evaluates whether the HMI is adequate for the
independent and coordinated use of the XRA with respect to the
user’s biological limbs. If the HMI passes this test, it is ready for use
with the XRA.

Evaluation block definition is broad enough to encompass cases
in which only a candidate motor or sensory HMI is tested as well as
cases in which an integration of the two (a candidate sensorimotor
HMI) is evaluated. In light of this, the outcomes from the evaluation
block of different HMIs or combinations thereof can be compared to
define an optimal HMI to use with the XRA. Moreover, the steps of
the three blocks requiring the presence of the extra arm can be car-
ried out in virtual reality.
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Although the scope of the proposed pipeline is much broader than
what can be thoroughly investigated in a single study, we believe that its
comprehensive definition will help to frame and guide future works in
the field. In this study, we primarily focused on the development of a
candidate motor HMI following all the steps of the motor block and on
its evaluation before use with an XRA. This was in itself a challenging
undertaking that required the implementation of several subprojects
related to motor control. However, we also designed a sensory HMI by
only partially following the steps advised in the sensory block of the
proposed pipeline, that is, without embarking on the complex assess-
ment of the sensory complementary space (2) and potential hindrance
of sensory functions. Such a choice was guided by the will to investigate
whether the additional integration of a simple sensory HMI—although
not ad hoc tested for human augmentation but rather leveraging the
concept of sensory remapping and extensively used (in the present or
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similar forms) for other applications (5, 39, 40)—would improve the
outcome of the evaluation block compared with the sole use of the
motor HML

The neurorobotic platform and the sensorimotor HMI

To apply the proposed pipeline for the development of an HMI for the
control of reaching movements with an XRA, we developed a neuro-
robotic platform to enable testing and validation of the HMI in sce-
narios for human augmentation via extra arms (Fig. 2A). We used an
immersive VE, where a humanoid avatar is endowed with an XVA
anchored in a neutral position (the chest) and characterized by four
digits and two thumbs to avoid association with a left or right hand.
The VE’s visual feedback, with the avatar rendered from a first-person
perspective, was provided through the Vive Pro Eye head-mounted
display (HMD, HTC Corporation, Taiwan). The VE is the core of our
neurorobotic platform, which also integrates a bimanual upper limb
exoskeleton [ALEx (41); Wearable Robotics Srl, Italy] used to track
joint angles of and to provide force feedback to the biological upper
limbs. Thanks to this platform and following different blocks of the
proposed pipeline, it was possible to test with an XVA the suitability of
a motor and a sensorimotor HMI—before use with an XRA—in an
engaging simulation facilitated by the use of the bimanual exoskele-
ton, which ensured delivery of realistic force feedback to the biologi-
cal arm about interactions in the VE.

For motor control, we developed an HMI that integrates the us-
er’s gaze and diaphragmatic respiration to control, respectively, the
orientation and the movement of the extra arm. We used an eye-
tracking system (integrated into the HMD) and a respiration belt
(Embla XactTrace, Natus). The decoding approach was integrated in
the system after proving adequate to decode the user’s motor inten-
tion (see the Supplementary Materials and fig. S1).

We also developed an artificial haptic feedback module to provide
tactile and proprioceptive information with vibration motors and a tac-
tor. The system proved effective, with users able to link the received
feedback with information about end-effector displacement (see the
Supplementary Materials and figs. S2, S3, and S4), and the possibility of
integrating this HMI component was therefore included in the neuro-
robotic platform. The different motor decoding, actuation, and feed-
back modules of the platform are depicted in Fig. 2B. Figure 2C shows
an example of control with the proposed HMI for a single target-
reaching action. To control the extra arm, users had to gaze at a given
target appearing in the VE to select it and then could control the move-
ment toward the target (or away from it) by expanding (or contracting)
their diaphragm beyond a given threshold. To a subset of the users,
haptic feedback was also provided; in this case, the tactor linearly en-
coded the distance from the resting state (the further the XVA, the
stronger the pressure exerted by the tactor on the user’s chest), and two
coin vibrators encoded onset and offset contact with the target or the
biological arms.

Our motor HMI did not affect visual exploration and speech

As a first step, we characterized our HMI (gaze and respiration) in the
framework of human augmentation. We assessed whether it hindered
two functions that could be affected by our HMI: the ability to visu-
ally explore the VE and the ability to speak. For this, we measured a
baseline session with 10 naive volunteers (5 females and 5 males,
age = 25.7 + 2.0) performing a unimanual reaching (UR) task with
the XVA and compared it with a condition where they had to look for
randomly appearing visual cues in their peripheral field of view in the

Dominijanni et al., Sci. Robot. 8, eadh1438 (2023) 13 December 2023

VE during the UR task (UR-V). In a third block, they had to continu-
ously count out loud while performing the same UR task (UR-C)
(Fig. 3A). The UR-V and UR-C block order was counterbalanced. To
ensure that the participants were not alternating between periods of
XVA control and periods of counting, we measured the percentage of
time where both tasks were performed simultaneously in the UR-C
task. A low percentage here would mean that the participants segre-
gated the two tasks. Our results showed that all participants managed
to have moments of simultaneous control of the XVA and counting.
The median score for all participants was above 47% (Fig. 3B).

We found no significant main effect of task type [x*(2) = 1.70,
P =0.428, Bayes factor (BF) = 0.107], with volunteers performing sim-
ilarly well in the UR task (63.33 + 7.24%), the UR-V (58.5 + 10.75%),
and the UR-C (58.99 =+ 6.66%) (Fig. 3C). Similarly, when looking at the
error types associated with the different scenarios (Fig. 3D), we found
comparable results for the three tasks. We divided the possible errors
into three categories: no execution (NE, the XVA did not exit the rest
position), timing error (TE, task time constraints not met), and wrong
execution (WE, all other errors). Although we found an interaction be-
tween task and error types [X2(4) = 24.23, P < 0.001], TE was the
most frequent error for all three tasks {UR: 70.45, 95% confidence
interval (CI) [61.36, 79.92]%, UR-V: 83.33, 95% CI [77.08, 90.96]%,
UR-C: 66.67, 95% CI [56.52, 77.98]%} at P < 0.0001, with a significant-
ly higher frequency in the UR-V compared with the UR-C task
(P = 0.0383) and compared with the UR task (BF = 1.35). We also
found that NE errors were more frequent (P = 0.0492) in the UR-C
task (11.59, 95% CI [1.45, 22.91]%) than in the UR-V task (1.04, 95%
CI [0.00, 8.67]%) and seemingly also in the UR task (1.13, 95% CI
[0.00, 10.6]%, BF = 4.22). These last results are expected because, intui-
tively, VE is more likely to introduce a distraction, inducing TEs; in
contrast, counting would more likely affect the ability to initiate move-
ment control. We also found evidence that NE errors were more fre-
quent than WE errors in the UR (P = 0.0018) and UR-C (P = 0.0167)
tasks and limited evidence for the UR-V task (BF = 1.81). In the UR-V
task, the majority of errors (~90%) were due to errors in the reaching
task, with a smaller proportion (~9%) attributed to errors in both tasks,
whereas only a single trial failure (~1%) was due to the VE task alone.
Last, we investigated the mental workload by means of the NASA task
load index (TLX) questionnaire for the three tasks. Once again, we
found no evidence of a main effect of task [y*(2) = 4.05, P = 0.132,
BF =1.03] for the cumulative score, with workload ratings of 54.80 + 6.82
for the UR, 56.50 + 7.82 for the UR-V, and 63.70 + 8.30 for the UR-C
tasks (Fig. 3E). In conclusion, our HMI protocol does not hinder the
ability to visually explore and speak—a necessary condition for ef-
fective human augmentation.

Performance in independent XVA motor control improved
with training

Twenty naive volunteers (10 females and 10 males, age = 24.5 + 4.4)
were recruited for this study and randomly assigned to the motor-
augmentation group. We assessed their motor control performance
with the XVA (in terms of success rate and execution time) during vari-
ous reaching tasks over three consecutive sessions. During each of the
three sessions, participants completed blocks of UR in the VE (Fig. 4A)
aimed at assessing their ability to control the XVA while maintaining
the biological arms at rest. Participants improved their success rate over
the three training sessions [X2(2) =45.68, P <0.001], correctly succeed-
ing in 75.8 & 4.5% of the trials in the third session (Fig. 4B). Improve-
ment took place prominently between the first and second sessions
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UR-C. UR-V and UR-C were randomized in the order of performance to avoid a learning effect across tasks. (B) Relative amount of time spent speaking while also control-
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bar stands for its SE. Asterisks indicate different levels of statistical significance: ***P < 0.001, **P < 0.01, and *P < 0.05. NS, nonsignificant difference (BF < 1).

(session 1: 56.7 + 4.7%, session 2: 69.6 + 4.9%, P < 0.001), but we found
limited evidence for improvement between the second and third ses-
sions (BF = 1.91). Volunteers also showed a similar trend for the execu-
tion times [main effect of session: XZ(Z) = 12.22, P = 0.002], taking
4.0 + 0.1 s to complete successful trials in the third session (fig. S5A).
Execution time decreased from the first session to the second session
(session 1: 4.3 + 0.0 s, session 2: 4.1 + 0.1 s, P = 0.0445) but not from the
second session to the third session (BF = 0.139), indicating that partici-
pants reached a plateau.

Independent XVA motor control learning was retained

We invited 10 participants (5 females and 5 males, age = 25.4 + 4.4)
to come back for a fourth session 1 week after finishing their train-
ing. We found that learning was retained, with participants’ success
rate in the fourth session (81.7 + 6.2%) higher but not significantly
different [Xz(l) = 1.45, P = 0.228, BF = 0.44] than that attained in
the third session by the motor-augmentation group (Fig. 4B). Simi-
larly, as depicted in fig. S5, execution time in the fourth session
(4.1 = 0.1 s) was comparable with that regorted for the motor-
augmentation group in the third session [¥“(1) = 2.03, P = 0.155,
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BF = 0.23]. Preliminary results also showed how learning can be
retained even 1 year after training (see the Supplementary Materials
and fig. 56).

The primary error sources in independent XVA motor control
were time constraint dependent

When investigating the sources of errors for the unsuccessful trials,
we observed trends confirming what emerged when participants per-
formed the UR task in the HMI augmentation assessment (Fig. 4C).
Although an interaction between session and error type emerged
[X2(6) = 45.18, P < 0.001] and few within-error comparisons between
sessions were found to be significant, no pattern emerged, and relevant
comparisons (session 1 versus session 3 and session 3 versus session 4)
showed no evidence of difference (BF < 0.3). We therefore restricted the
subsequent analysis to the comparison of error types across sessions. As
anticipated, we found that TE was the most frequent error (P < 0.0001),
with an average frequency of 62.93, 95% CI [57.80, 67.8]%. Again, we
also observed a higher average frequency of occurrence of WE errors
compared with NE errors (WE: 26.71, 95% CI [22.29, 31.70]%; NE: 9.71,
95% CI [7.15, 13.0]%, P < 0.001).
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Fig. 4. Independent and coordinated motor XVA control. View of the VE for the XVA. (A) UR task, (E) BR task, and (I) B-BR task. Average success rates for the (B)
UR task, (F) BR task, and (J) B-BR task performed with the XVA by the motor-augmentation group in the training sessions and in the fourth session. Error bars
represent the SEM. Each point-color combination represents a participant. Error probability of NE errors, WE errors, and TEs for the (C) UR task, (G) BR task, and
(K) B-BR task. Error bars represent the multinomial Cl. Each point represents a participant, with no point reported if the participant did not commit any error in
the considered session. Overall score of the NASA TLX questionnaire administered to the participants at the end of the (D) UR task, (H) BR task, and (L) B-BR task
in each session. The marker represents the mean value across participants, whereas the bar stands for its SE; each point represents a participant. Asterisks indi-
cate different levels of statistical significance: ***P < 0.001, **P < 0.01, and *P < 0.05. NS, nonsignificant difference (BF < 1).

Independent XVA motor control mental demand decreased
with practice

We administered the NASA TLX questionnaire to the subset of 10
participants from the motor-augmentation group engaged in four
sessions after each execution of the UR task. Participants reported
decreased mental workload across sessions [y*(3) = 25.67, P <
0.001], with a minimum of 28.6 + 4.6 in the fourth session (Fig. 4D).
With an inversed trend compared with the success rate, it emerged
that participants not only improved in the UR task but also found it
less demanding.
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Performance in coordinated XVA motor control improved
with training

In each of the three sessions, the motor-augmentation group par-
ticipants were also asked to perform a bimanual reaching (BR)
task in the VE to assess their ability to coordinate the XVA with
one of their biological arms (Fig. 4E). Participants saw an in-
crease in their success rate over the course of the three training
sessions [XZ(Z) = 236.03, P < 0.001]. By the third session, par-
ticipants were accurately successful in 61.9 + 3.7% of the trials,
as depicted in Fig. 4F. They showed no sign of learning plateau,
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with their performance improving between the first and second
sessions (session 1: 30.4 + 3.7%, session 2: 49.8 + 4.3%, P < 0.001)
as well as between the second and third sessions (P < 0.001). On
the other hand, participants’ BR task execution time was stable
[XZ(Z) = 0.98, P = 0.614, BF = 0.00033] across training sessions
(session 1: 3.5 + 0.1 s, session 2: 3.5 + 0.1 s, session 3: 3.4 + 0.1 s),
suggesting that participants favored accuracy improvement over
speed (fig. S5B).

Coordinated XVA motor control showed retention and
continued improvement

Differently from the UR task and as depicted in Fig. 4F, participants
engaged in the fourth session not only showed retention of learning
for the BR task but their overall success rate (71.0 + 4.8%) was also
hi§her than that of the motor-augmentation group in session 3
[%°(1) = 15.11, P < 0.001]. In contrast, execution time in the fourth
session (3.2 + 0.1 s) remained comparable with that shown by the
motor-augmentation participants in the third session [x*(1) = 0.06,
P =0.807, BF = 0.015], confirming the idea that accuracy was favored
over speed in this task (fig. S5B).

The primary error sources in coordinated XVA motor control

were time constraint dependent

Similar to the UR task, for the BR task (Fig. 4G), we found an in-
teraction between session and error type [x°(6) = 52.62, P < 0.001].
In this case, however, we saw a trend of change in error propor-
tions across the three training sessions, with the frequency of WE
errors increasing at the expense of that of TEs [session 1 versus
session 2: P =0.026 (WE), P = 0.002 (TE); session 2 versus session
3: P=0.58 and BF = 0.20 (WE), P =0.20 and BF = 0.41 (TE); ses-
sion 1 versus session 3: P < 0.001 (WE and TE)]. Nonetheless, the
situation stabilized in the fourth session—which, as we have seen,
can be considered comparable with the training sessions—where
proportions of WE errors and TEs attained an intermediate value
between those of the first session and the third session, and no
strong evidence of the difference between the frequency of these
errors in the fourth session and in the three training sessions could
be found (P > 0.25, BF < 0.65). NE errors instead remained stable
and contained over the four sessions, with no evidence of a differ-
ence among the frequencies (P > 0.3 and BF < 0.54). Therefore,
limiting the analysis to comparing error types across sessions,
once again and even more evidently, we confirmed that overall TEs
were also the most frequent in the BR task (P < 0.001), with an
average frequency of 85.7, 95% CI [83.5, 87.6]%. WE error fre-
quency was also higher than NE error frequency (WE: 11.6, 95%
CI [9.8, 13.5]%; NE: 2.5, 95% CI [1.7, 3.7]%, P < 0.001). These
results confirmed the same pattern of error proportions report-
ed earlier.

Coordinated XVA motor control mental demand decreased
with practice

After each execution of the BR task, we administered the NASA
TLX questionnaire again to the subgroup taking part in four ses-
sions. Once more, volunteers reported decreased mental workload
across sessions [X2(3) = 15.57, P = 0.001], with a minimum of
41.6 + 8.1 in the fourth session (Fig. 4H). Therefore, volunteers not
only demonstrated improvement in the BR task but also exhibited
decreasing perception of its demand.
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Coordinated XVA motor control in the absence of visual
feedback improved with training

During days 2 and 3 of training, the motor-augmentation group par-
ticipants were also asked to perform the BR task without visual ren-
dering of the arms (blind) in the VE. The blind BR (B-BR) task was
aimed at evaluating their XVA coordination ability without relying on
visual feedback (Fig. 4I). As shown in Fig. 4], participants improved
their success rate from the second to the third session [session 2:
20.2 + 2.1%, session 3: 24.9 + 2.5%, Xz(l) =6.67, P=0.01]. Similar to
what was found for the BR task, execution time for the B-BR task re-
mained consistent [Xz(l) = 1.19, P = 0.276, BF = 0.192] in the two
training sessions (fig. S5C).

Coordinated blindfolded XVA motor control

showed retention

Participants engaged in the fourth session also showed retention of
learning for the B-BR task [Xz(l) = 1.82, P =0.178, BF = 0.378], al-
though their overall success rate (21.2 + 2.9%) seemed lower than the
one of the motor-augmentation group in the third session (Fig. 4]).
Again, in line with what was found for the BR task, execution time in
the fourth session for the B-BR task (3.4 + 0.1 s) remained compara-
ble with what was shown by the motor-augmentation participants in
the third session [Xz(l) = 1.06, P = 0.302, BF = 0.182], as shown
in fig. S5C.

The primary error sources in coordinated blindfolded XVA
motor control were time constraint dependent

Once again, for the B-BR task (Fig. 4K), we found an interaction be-
tween session and error type [X2(4) = 17.66, P = 0.001]. In this case,
we saw a change in error proportions in the fourth session compared
with the second and/or third sessions for the NE errors in favor of
TEs (BF > 1.3). However, we considered the actual effect size negli-
gible compared with the differences between proportions across sec-
tions and therefore proceeded as in the previous cases to focus on the
overall difference in error proportions. Again, TE was the most
prominent error source, with a frequency of 80.8, 95% CI [78.8,
82.6]% (P < 0.001), followed by WE error, whose frequency was
higher than NE error frequency (WE: 15.0, 95% CI [13.3, 16.8]%;
NE: 4.1, 95% CI [3.2, 5.3]%, P < 0.001).

Stable coordinated blindfolded XVA motor control

mental demand

As with the UR and BR tasks, after each execution of the B-BR task,
we administered the NASA TLX questionnaire to the subgroup of
participants taking part in the training (in the second and third ses-
sion) and in the fourth session. In this case, we did not find evidence
for changes in task workload over sessions [x*(2) = 3.53, P = 0.171,
BF = 1.01]. As shown in Fig. 4L, the minimum score was reported
for the third session (66.2 + 6.1). Therefore, although volunteers
demonstrated improvement in the B-BR task, they showed a consis-
tent perception of its demand.

Motor training resulted in agency but not ownership

over the XVA

We assessed the subjective sense of embodiment of the XVA using
a questionnaire adapted from (7). Participants rated their agreement
with statements that were proxies for different embodiment features
(agency, ownership, somatosensation, and body image). Volunteers
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Fig. 5. XVA embodiment and respiration analysis for the motor-augmentation group. (A) Results of the questionnaire aiming to evaluate the embodiment and
the experience with the XVA for the motor-augmentation group. The average scores are plotted for the different questions of the questionnaire together with the
SEM. Each dot represents the score for a participant. (B) Average session participant respiration profiles in the UR, BR, and B-BR tasks and distance matrix.

were also asked to express whether they enjoyed the experience.
Additional control questions were included in the questionnaire to
assess their reliability in answering the questionnaire. One participant
from the motor-augmentation group was excluded from the analysis
because their control question average score exceeded 0 (neutral). As
reported in Fig. 5A, the motor-augmentation participants reported
agency over the XVA (score: 1.89 + 0.16, ;3 = 11.60, P < 0.0001) and
neutral feelings relative to ownership of the XVA (score: —0.35 + 0.28,
tig = —1.28, P = 0.216, BF = 0.483) and somatosensation (score:
—0.47 +0.33, Z=—1.61, P=0.113, BF = 0.822). They instead were in
slight disagreement on incorporation of the XVA in their body image
(score: —0.89 + 0.39, t;g = -2.30, P = 0.034). Finally, volunteers rated
the experience positively (score: 2.05 + 0.28, Z = 3.36, P < 0.001).

Task-dependent diaphragmatic respiration profiles for X\VA
motor control

We analyzed the diaphragmatic respiration profiles of successful trials
to understand the underlying control strategy participants used in UR
and BR task types. We found that profiles from UR and from BR and
B-BR successful trials were inherently different and could be divided
into two separate clusters (Fig. 5B and fig. S7). UR profiles had a char-
acteristic bell shape, which reflects the requirement of reaching the
target and stopping inside it. BR and B-BR profiles instead were char-
acterized by a sigmoid shape. This shows how participants were suc-
cessfully accomplishing the BR and B-BR when collision of the XVA
with the biological hand inside the target happened while the XVA was
in motion. As evident from the matrices in Fig. 5B, respiration profiles
exhibited unexpectedly small variations within tasks. The dendrogram
in fig. S7 shows that increasing the number of clusters from two to
three did not produce a separation for BR and B-BR, but, rather, four
observations of the UR were included in the third cluster, which re-
veals that the BR and B-BR tasks were not different in terms of dia-
phragmatic respiration profiles.

Integration of artificial haptic feedback did not improve
independent XVA control

To assess whether the integration of haptic feedback providing infor-
mation on the XVA could boost performance, we recruited 10 naive
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volunteers (5 females and 5 males, age = 22.2 + 2.4) and assigned them
to the sensorimotor-augmentation group. Mirroring what was done
with the motor-augmentation group training, we evaluated the perfor-
mance (in terms of success rate and execution time) of the sensorimotor-
augmentation group with the XVA over three consecutive sessions in
the same three reaching tasks. When comparing the success rates of
sensorimotor-augmentation and motor-augmentation groups in the
UR task, we did not find evidence of an interaction between group and
session [XZ(Z) =4.97, P = 0.083, BF = 0.655]. Despite achievement of
lower success rates by the sensorimotor-augmentation group, our anal-
ysis indicates no significant difference between the two groups in the
second session (P = 0.757, BF = 0.211) or the third session (P = 0.350,
BF = 0.263). Although the first session showcased the most substantial
difference in success rate between the two groups, we did not find suf-
ficient evidence (P = 0.055, BF = 1.02) to conclude that there was a
distinction between them in this session either (Fig. 6A).

Integration of artificial haptic feedback did not improve
coordinated XVA control

Upon comparison of the success rate of the sensorimotor-augmentation
and motor-augmentation groups in the BR task, we identified an inter-
action between group and session [XZ(Z) = 12.80, P = 0.002]. However,
despite the sensorimotor-augmentation group achieving lower success
rates, our analysis indicated no significant difference between the two
groups in the second session (P = 0.691, BF = 0.234) or the third ses-
sion (P = 0.933, BF = 0.239). Similarly to what was found for the UR
task, even in the first session, where the most substantial difference in
success rate between the groups was observed, we did not find sufficient
evidence (P = 0.095, BF = 0.952) to conclude that there was a distinc-
tion between them (Fig. 6B).

Integration of artificial haptic feedback did not improve
coordinated blindfolded XVA control

When analyzing the success rate of the sensorimotor-augmentation
and motor-augmentation groups in the UR task, we found no sub-
stantial evidence indicating an interaction between group and session
[¥*(1) = 0.15, P = 0.701, BF = 0.227]. As shown in Fig. 6C and
contrary to what we would have expected, the two groups attained
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Fig. 6. Independent and coordinated sensorimotor XVA control. Average success rates for the (A) UR task, (B) BR task, and (C) B-BR task performed with the XVA by the
sensorimotor-augmentation group in the three training sessions. Error bars represent the SEM. Each point represents a participant. Average success rate and its SE for the
corresponding task performed with the XVA by the motor-augmentation group in the three training sessions are also reported for comparison. (D) Results of the question-
naire aiming to evaluate the embodiment and the experience with the XVA for the sensorimotor-augmentation group. The average scores are plotted for the different
questions of the questionnaire together with the SEM. Each dot represents the score for a participant. Average embodiment questionnaire scores and their SEs for the
motor-augmentation group are also reported for comparison. Asterisks indicate different levels of statistical significance: ***P < 0.001, **P < 0.01, and *P < 0.05. NS,

nonsignificant difference (BF < 1).

similar success rates in both the second session (P =0.927, BF = 0.296)
and the third session (P = 0.868, BF = 0.161).

Integration of artificial haptic feedback did not

boost embodiment

Contrary to what was expected, the incorporation of haptic feedback
did not enhance embodiment ratings (Fig. 6D), which were compa-
rable for ownership (f;669 = —0.52, P = 0.610, BF = 0.409), somato-
sensation (Z = —0.79, P = 0.444, BF = 0.476), and body image
(t17.73=0.69, P = 0.498, BF = 0.431) categories and lower when it came
to the feeling of agency (t1449 = 2.42, P = 0.029) when comparing the
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sensorimotor-augmentation and motor-augmentation groups. The re-
duced feeling of agency could be explained by the general tendency of
the sensorimotor-augmentation group to exhibit lower success rates.
The sensorimotor-augmentation group also rated the experience less
positively compared with the motor-augmentation group (Z = 2.25,
P =0.026). Such a result might be explained by the additional wear-
able setup (the haptic display) that these participants had to wear.

The planar XRA prototype
To validate the usability of our HMI in the physical world, we devel-
oped a physical prototype of an XRA. Our XRA is a wearable robot
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Fig. 7. XRA control assessment. (A) Sketch of the XRA prototype and its components. (B) Schematic of the motor decoding and actuation modules, following the same module
principle as for the neurorobotic platform. (C) View of the experimental setup for the (XRA) UR task. No haptic feedback module was present for this task. The XRA was actuated via the
decoding of diaphragm modulation with a respiration belt. (D) Average success rates for the UR task performed with the XRA by experienced and naive participants and success
rate for the UR task performed with the XVA by the motor-augmentation group in the first session. Error bars represent the SEM. Each point represents a participant. (E) Error probability
of NE errors, WE errors, and TEs for the UR task performed with the XRA by experienced and naive participants and success rate for the UR task performed with the XVA by the motor-augmentation
group in the first session. Error bars represent the multinomial Cl. Each point represents a participant, with no point reported if the participant did not commit any error. (F) Overall score
of the NASATLX questionnaire administered to the participants after each one of the tasks. The marker represents the mean value across participants, whereas the bar stands for

its SE. Each point represents a participant. Asterisks and dots indicate different levels of statistical significance: ***P < 0.001, “BF > 30. NS, nonsignificant difference (BF < 1).

weighing less than 2 kg attached to the chest of the user via adjust-
able straps that integrates a base allowing planar rotation and an
extensible metallic band for the end-effector translation (Fig. 7A).
Despite some minor oscillations in the vertical axis, the arm demon-
strated smooth and consistent trajectories, showing its potential to
effectively execute tasks designed on a 2D plane (fig. S8). Users could
control the XRA with a simplified version of our motor HMI, where
the eye-tracking module was replaced by automated orientation of
the XRA toward the trial’s target. The sensory HMI was not inte-
grated for the XRA because the comparison of the evaluation block
outcomes showed no improvement compared with using the motor
HMI alone (Fig. 7B).

XRA control benefited from previous virtual reality training

The volunteers of the motor-augmentation group taking part in the
fourth session were asked to perform a single session of UR with the
XRA (Fig. 7C), serving as experienced participants given their previous
experience with the HMI over the course of three consecutive days of
training. We also recruited 10 additional naive volunteers who had
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no previous experience with the HMI (control group, 5 females and
5 males, age = 24.6 = 2.5), who performed this same task.

As depicted in Fig. 7D, experienced HMI users exhibited a higher
success rate in the UR task with the XRA compared with naive par-
ticipants [HMI experienced: 90.4 + 3.6%; HMI naive: 74.0 + 3.8%,
Xz(l) = 22.65, P < 0.001]. Moreover, experienced users tended to
show lower execution time compared with naive users (HMI experi-
enced: 4.3 + 0.1 s; HMI naive: 4.6 + 0.1 s, t1285 = 1.93, P = 0.076,
BF = 1.368). See fig. S9.

Naive users performed better with the XRA than

with the XVA

We compared the UR task success rate of naive XRA users with that of
naive XVA users (motor-augmentation group in the first session) to un-
derstand whether having the first-use experience with a virtual or phys-
ical extra arm would result in different performances (Fig. 7D). We
found that a higher success rate was achieved with the XRA by naive
users [Xz(l) =21.22, P < 0.001]. However, when analyzing execution
times (fig. S9), in their first use, participants seemed to be faster with the
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XVA (XVA naive: 4.3 + 0.1 s; XRA naive: 4.6 + 0.1%, t1954 = 2.06,
P=10.065, BF =6.317).

Incorrect execution was the primary error source in
XRA-independent motor control

Analyzing the source of error when using the XRA (Fig. 7E), we
found that experienced users did not commit any NE errors, where-
as naive users did not commit any TEs. Given this complete separa-
tion, we decided to base the following analysis mostly on Bayesian
hypothesis testing given its stronger robustness in such cases (42).
Although we found an interaction between group and error type
[Xz(lz) = 8.18, P < 0.001, BF = 390.76], WE error was the most
frequent for both experienced and naive users when compared with
NE errors and TEs (BF > 1 x 10%), with a higher frequency of oc-
currence in naive users (WE experienced: 82.61, 95% CI [69.56,
95.75]%; WE naive: 98.39, 95% CI [96.77, 1.00] %, BF = 36.75).
With the frequency of occurrence of WE errors for naive users ap-
proaching 1, NE error and TE frequencies were comparable (NE
naive: 1.61, 95% CI [0.00, 4.33]%; TE naive: 0.00, 95% CI [0.00,
2.72]%, BF = 0.715). Given their extremely rare occurrence, NE
errors and TEs can be considered negligible. Despite the large mul-
tinomial CIs, TEs were the second source of error for experienced
users, with a substantial proportion compared with NE errors (NE
experienced: 0.00, 95% CI [0.00, 13.14]%; TE experienced: 17.39,
95% CI [4.35, 30.53]%, BF = 7.93). Last, as expected, given our ini-
tial qualitative analysis of the data, TEs were more frequent in expe-
rienced users than in naive volunteers (BF = 50.13), resulting in a
nonnegligible proportion. In contrast, we found that the frequency
of NE errors for experienced users was comparable with that for
naive users and, therefore, negligible (BF = 0.574). In summary, al-
though both groups mainly committed WE errors, there was a sepa-
ration in the secondary error types. Experienced users were more
likely to commit TEs, whereas naive users did not commit TEs at all.
The frequency of NE errors was negligible for both groups.

Comparable UR task workload with the XRA and XVA

at first use

After performing the UR task with the XRA, experienced and naive
participants were asked to complete the NASA TLX questionnaire
to assess their perceived task workload (Fig. 7F). Despite experi-
enced participants rating the task as less demanding, we did not find
evidence of a difference between the two groups (HMI experienced:
39.8 +9.1%; HMI naive: 51.4 +5.4%, Z=0.91, P=0.385, BF = 1.06).
We also compared the NASA TLX scores of naive XRA users with
the scores given after the first training session with the XVA by the
motor-augmentation group subgroup that completed the question-
naire to understand whether the kind of extra arm used in the first
session determined differences in workload perception. Although
the task was rated as more challenging when using the XVA, the
scores given by the two groups were comparable (t;674 = —0.48,
P =0.638, BF = 0.431).

DISCUSSION

We developed, characterized, and validated a nonintrusive HMI de-
signed specifically for the control of XRAs by leveraging biosignals natu-
rally involved in motor actions. Although gaze had already been
proposed as a target selection mechanism triggering automated XRA
reaching actions (29), its combination with decoding of diaphragm
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modulation ensured a more flexible control, allowing the user to freely
and willingly control the XRA position along the selected direction
of motion. Our HMI follows the principle of the neural resource allo-
cation problem (2) to provide effective augmentation in healthy indi-
viduals without impairing natural limbs and biological functions.

As pointed out in a recent review (2), a common issue in the field
of human enhancement is the lack of a systematic and quantitative
assessment of performance. A unified assessment creates a common
ground to evaluate the enhancement capabilities of a particular
XRA HMI implementation and to compare different implementa-
tions among them. Here, we addressed this issue by proposing a
multistep evaluation pipeline and developing a neurorobotic plat-
form to extensively test HMIs for XRAs. Although the scope of the
proposed pipeline is much broader than what could be thoroughly
investigated in a single study, we believe that its comprehensive def-
inition will help in framing and guiding future works in the field.

Using our approach, we were able to investigate several impor-
tant questions that we believe should be answered when developing
any XRAs: Can the user control the extra arm? Does the extra arm
control approach impair the user’s preexisting function? Can the
user coordinate the extra arm with their biological upper limbs? We
also advocate that these questions can be answered before the devel-
opment of a specific XRA and that such testing could and should be
considered to ensure an effective design of the robotic device, espe-
cially in terms of the optimal number of actively controlled degrees
of freedom and sensorization for the implementation of shared con-
trol algorithms.

As shown in our study, our platform can provide useful results
and guidelines for the design of the HMI. Depending on the appli-
cation, some components can be simplified (for instance, the use of
the exoskeleton).

Our results show that the gaze-respiration HMI is intuitive and,
without the need for training, does not hinder users’ ability to speak
and freely gaze away from the selected target while controlling an
XVA. In our test, including a single selectable target, the user was free
to not only gaze away from the target but also explore the whole
VE. Although, with the current implementation, this second possi-
bility would be limited in the presence of additional selectable tar-
gets—because accidental selection of a new target changing the
movement direction could happen—our result could be generalized
to this broader case encompassing the presence of multiple selectable
targets integrating a simple state machine (for instance, allowing tar-
get selection only when the control signal is zero). Volunteers report-
ed no increase in mental demand when the control of the XVA was
performed together with the gazing and counting task, with ratings
indicating a medium mental demand. Such a result is of particular
interest because it supports the intuitiveness of the proposed control
approach and shows that not only do users have comparable results
in terms of performance in the dual tasks but also their demand per-
ception is not different, which suggests a lower probability of fatigue
or errors arising (43).

We have assessed the proposed HMI for XRAs in terms of the
effective augmentation provided [as formalized in (2)]. We claim
that such a preliminary assessment of the extent to which the extra
capabilities given to the user do not disrupt the intrinsic functions
related to the biosignals used by HMI is a crucial step for applica-
tions in ecological settings.

We were able to show that with the proposed control strategy,
participants can easily control the XVA in isolation and in
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coordination with the biological limbs. Volunteers showed signifi-
cant improvements in performance within only a few days of train-
ing. Motor performance also improved between sessions when
controlling the XVA in coordination with the biological arms with-
out visual feedback, even when no haptic feedback was provided.

In the isolated XVA control, we saw significant improvements in ex-
ecution times over the three sessions only for the motor-augmentation
group. We hypothesize that the increased cognitive load introduced by
the haptic display might have prevented participants from optimizing
performance in terms of both success rates and execution times. With-
out an explicit indication (other than the trial time-out) of completing
trials as fast as possible, successful completion was prioritized at the ex-
pense of speed. When controlling the XVA in coordination with the
biological limbs, participants from both groups showed no significant
or meaningful differences across sessions. Similarly to what we hypoth-
esized above, such a result might be ascribed to the higher task
complexity.

Examining the retention of learning 1 week after training for the
motor-augmentation group in the UR, BR, and B-BR tasks revealed
promising results. Consistent performance was noted in the UR
task, indicating effective skill retention. In the BR task, not only was
skill retention observed but an additional performance improve-
ment was seen, suggesting a possible “consolidation” effect in motor
learning. Despite the complexity of the B-BR task, participants suc-
cessfully retained the acquired skill, reinforcing the efficacy of our
training protocol. Overall, these results from the fourth visit signify
the successful long-term effect and efficacy of our motor augmenta-
tion approach in enduring motor learning.

Task demand assessment in a subset of the motor-augmentation
group revealed a noteworthy decrease in mental demand with prac-
tice in both independent and coordinated XVA motor control. This
aligns with the principle of “automaticity” in motor learning, where
tasks become less cognitively loaded and more automatic with re-
peated practice (44, 45), suggesting an improved and more efficient
interaction with the XVA over time.

For both isolated and coordinated XVA controls, we found that
the primary source of error was the time constraints we imposed on
the tasks. This suggests that users’ performance could increase when
time constraints are less of interest.

At the end of the three sessions of training, participants from
both groups reported sense of agency, but not ownership, over the
XVA. Although such a result is coherent with previous findings on
the effect of visuorespiratory synchronization on the embodiment
of virtual bodies (37), we would have expected an increased sense of
ownership over the XVA when haptic feedback on its state was pro-
vided through the haptic feedback display (40, 46-49).

Moreover, in stark contrast with previous findings in extra ro-
botic fingers (5) but especially with the wide body of evidence show-
ing the critical role of sensory feedback in prosthetics (39, 50, 51), in
our explorative assessment, we found that including haptic feedback
did not boost performance. Despite examples of XRAs integrating a
haptic feedback display (13, 16), there are limited reports of system-
atic comparison between HMI for XRAs integrating a sensory feed-
back system or not, leaving the question of whether other encoding
modalities could have better promoted sensory-motor integration.

In our study, despite the seemingly initial lower performance, that
the sensorimotor-augmentation group obtained comparable perform-
ance compared with the motor-augmentation group suggests that the
information provided is integrated and does not distract or confuse
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participants, without, however, providing additional information com-
pared with the visual input in the UR and BR tasks. That delivering hap-
tic feedback did not boost performance compared with visual feedback
alone could be ascribed to the relatively low task complexity (52) and to
the primary importance of vision in reaching tasks. This last remark
could also explain why the provided haptic information did not improve
performance in the B-BR. With participants being used to relying on
vision in the UR and BR tasks, only two sessions might not be enough to
learn to exploit the haptic information when decoupled from the visual
one. Because we do report an improvement between the first and second
execution of the B-BR, we argue that participants might attain higher
performance with additional training when provided with the haptic
feedback. Relatedly, although we saw a plateau in performance for the
UR task, it is still to be verified whether performance in BR tasks could
improve with additional training sessions and whether the haptic feed-
back would make a difference in later stages of learning.

More broadly, on the basis of our exploratory assessment, we
cannot conclude whether with longer training, different haptic dis-
play placement, or different sensory modalities, successful senso-
rimotor integration of extra arms can be achieved. To fully address
this question, a more extensive assessment of sensory feedback ap-
proaches exploiting the sensory complementary space [that is, the
ensemble of sensory information that can be delivered without in-
terfering with the biological limbs’ sensory flow (2)], akin to what
was done here for the motor aspect of the neural resource allocation
problem, should be carried out.

Last, as a proof of concept, we evaluated a subset of experienced
participants in the UR task with the XRA to prove the validity of our
pipeline and the suitability of our platform to design HMIs for the
control of XRAs. To understand the effect of training with the XVA on
performances with the XRA, we also had naive participants perform
the UR task with the XRA. Although the XRA control was based on a
simplified version of the HMI in which gaze-based target selection
was replaced by automated target selection for practical reasons, the
results obtained can be generalized to the complete HMI version on
the basis of the largely documented human motor control findings
reporting how fixation of target anticipates reaching movements (26,
53-55). Our analysis strongly suggests that the proposed HMI can be
effectively used for the independent control of an XRA prototype.
Crucially, the superior performance of experienced users, with a suc-
cess rate of almost 90% (22.2% higher than that of naive users), pro-
vides compelling evidence of the efficacy of our virtual reality-based
testing and training approach. This supports the notion that the skills
developed and honed within the VE can be successfully translated to
an XRA. We believe that training might also prove useful when testing
more complex reaching tasks, such as those involving collaboration
among the biological arms and the XRA, but also richer actions in-
volving reaching, grasping, and manipulation. Although not exploit-
ed in this work, the XVA finger joints can be independently controlled,
and the flexibility given by the proposed modular platform allows fast
and effective design of more advanced and ecological tasks. Although
the proposed HMI would not allow for the control of additional de-
grees of freedom as is, other strategies exploiting these and/or
other biosignals—and potentially including shared control algo-
rithms (56)—could be tested in such scenarios. Moreover, as previ-
ously mentioned, the appearance, kinematic chain, and anchor point
of the XVA can be easily modified. Therefore, our modular platform
could also allow extensive testing focused on determining the most
efficient XRA design given a selected HMI.
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Furthermore, the data indicate that, in their first use of the HMI,
users performed 30.5% more effectively with the XRA than with the
XVA. This finding is in line with previous results comparing control
of simulated and extra robotic limbs (19) and can be explained by
the inherent difference between the XVA and the XRA—its weara-
bility—ensuring intrinsic feedback at the physical interface between
the robot and the user (2, 57, 58).

Although we observed a different trend in the most prominent
source of error when using the XRA compared with the XVA, we
believe that the more frequent occurrence of WE errors with the
XRA could be due to the setup itself and a less-accurate ability to
track participants’ hands’ relative positions on the target board with
the camera system. Together, the above observations underline the
viability of our virtual reality-based testing and training protocols
and the proposed pipeline.

To conclude, although the idea of human augmentation using
XRAs is becoming more and more popular and widely investigated,
the development of HMIs that do not rely on neural resources nor-
mally involved in daily activities and their validation for the control
of extra limbs is often disregarded. For example, most of the HMIs
for XRA control exploit the use of lower limb movements (12-14,
16, 17), limiting their usability in general activities of daily living. At
the same time, the few examples of implementations with HMIs not
involving control via the lower limbs (19-21) lack a comprehensive
assessment in terms of influence on preexisting abilities and func-
tionality. Last, although a handful of groundbreaking studies have
initiated more systematic exploration of HMIs, those focused on 2D
or 3D cursor control (22-25), despite providing valuable insights,
do not encapsulate the full complexity of managing an extra limb
within a 3D environment. Our current work is a step toward it by
proposing a pipeline for designing and testing HMIs for XRAs.
XRAs can represent the next frontier of robotics and neural engi-
neering with important clinical and industrial impacts. However, to
move these devices to applications in ecological settings, we should
fully acknowledge the fundamental difference with respect to other
robotics paradigms for restoration and human-robot collaboration
(2) and develop tailored HMIs to ensure effective augmentation and
embodiment of XRAs.

Here, we designed an HMI conceived for the control of XRAs
and not affecting preexisting biological function. We also propose a
systematic pipeline used to validate the proposed HMI that, if ad-
opted by the community, we anticipate could play a critical role in
the design of XRAs and HMIs for human augmentation.

MATERIALS AND METHODS

Participants

A total of 65 healthy able-bodied people participated in the tests and
experiments described in this work (32 females and 33 males,
age = 24.4 + 3.4, all right-handed). Ten people (five females and five
males, age = 25.7 + 2.0) were recruited to assess the level of augmen-
tation with respect to the involved biological functions attainable with
the proposed HMI. Thirty able-bodied volunteers (15 females and 15
males, age = 22.95 =+ 3.58) were recruited for testing and training and
assigned to the motor-augmentation group (n = 20, 10 females and 10
males, age = 24.6 + 4.4) or to the sensorimotor-augmentation group
(n =10, 5 females and 5 males, age = 22.2 + 2.6). Ten volunteers in
the motor-augmentation group (five females and five males,
age = 254 + 4.4) were invited for a fourth session 1 week after
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completion of training, whereas five volunteers (three females and
two males, age = 22.8 + 2.8) were invited for a fourth session 1 year
after training. Ten healthy volunteers were recruited and assigned to
the control group (five females and five males, age = 24.6 + 2.5). Eigh-
teen people took part in the characterization tests (see the Supple-
mentary Materials). Some of them took part in multiple tests or were
further recruited to one of the groups described above provided that
they were fully naive to the given setup. A list of all experiments and
characterization tests with the corresponding number of participants
involved is reported in table S1. The study was approved by the Com-
mission Cantonale déthique de la recherche Genéve (BASEC-ID:
2019-02176). All participants gave written informed consent to par-
ticipate in the study. Each participant’s visit (session) lasted between
30 and 90 min, including preparation.

Gaze-diaphragmatic respiration HMI

Visuomotor coordination is known to be involved in reaching
movements, with saccades (rapid eye movement to focus the area of
interest within the fovea) preceding the movement onset. Eye gaze
can be therefore considered a valuable source of information when
it comes to reaching intended targets, which was used previously
with XRAs (29) and was exploited in a hybrid brain-computer inter-
face (BCI) for the control of an upper limb exoskeleton (28). Here,
we tracked eye movements to determine whether the user was fo-
cusing on a reachable target to reduce the control for an extra arm
3D reaching action to the control over the single degree of freedom
given by the direction between the end effector and the selected tar-
get. In our proposed HMI, the user controls the movement of the
extra limb by modulating the diaphragm expansion (Fig. 2C). We
implemented an adaptive two-level threshold to identify the three
possible stages needed to control the extra arm. To move the end
effector forward, the user needed to breathe in to expand the dia-
phragm, whereas contraction of the diaphragm was interpreted as
intention to move backward. Last, a relaxed diaphragm, with which
users could breathe normally, maintained the current position. The
upper limit threshold was defined as 50% of the maximum expan-
sion over the average contraction; meanwhile, the lower limit was
50% of the minimum contraction under the average. Thresholds
were updated every 100 ms. The diaphragmatic modulation signal
was recorded with the respiration belt from BrainVision, connected
to the ANT Neuro recording system, sampled at 512 Hz, and filtered
with a high-pass Butterworth filter of second order with a cutoff fre-
quency of 25.6 Hz.

Haptic feedback display

We developed a haptic display to provide tactile and proprioceptive
feedback from an extra limb to the user. The haptic display included
two modules: a tactor consisting of a 3D-printed lever system connect-
ed to a servomotor (DES 448 BB MG 10 mm, Graupner) and two coin
vibration motors (Precision Microdrives Ltd., UK) (Fig. 2A). We se-
lected a hybrid feedback-encoding strategy for contact and propriocep-
tive information, inspired by successful implementations with vibrators
and pressure actuators in upper limb prosthetics (59, 60) and its ability
to prevent user discomfort by avoiding continuous vibrations (5). The
first module, positioned on the left pectoralis, delivered pressure stimu-
li on the user’s skin to encode the distance of an extra limb end effector
from the resting position, thus providing proprioceptive information.
With the extra limb hand at rest close to the body, the lever head was in
contact with the skin with no indentation; when the hand moved
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further away from the body, pressure was increased as a function of the
distance from the resting position. The two coin vibration motors of the
second module were placed on the user’s chest, one on the left and one
on the right side, and encoded tactile information. In particular, the left
and right motors encoded making (high-intensity vibration) and break-
ing (low-intensity vibration) contact, respectively, with a target and
with a biological arm. Each vibration lasted 250 ms per event. The two
modules were controlled with an Arduino ATMega2560 via a custom
MATLAB (MathWorks, USA) script, which mapped the normalized
distance (with respect to the extra limb range of motion) between the
minimum and maximum servomotor rotation angles of 10° and 80°
and wrote it to the motor pin and controlled the coin motors’ frequency
intensities via pulse-width modulation.

The XVA and the modular neurorobotic platform

With the aim of testing the proposed HMI in a flexible setting, we
developed an immersive VE where a humanoid avatar controlled by
the user is endowed with an extra upper limb—the XVA. To avoid
association with a left or right limb, the hand of the XVA has four
fingers and two thumbs (Fig. 2A). In the experiments described
here, to maintain symmetry of the body, the XVA was always posi-
tioned in the middle of the chest; however, the XVA anchor point
can be chosen at will. The XVA is characterized by a custom-
configured kinematic chain inspired by the human arm (see the
Supplementary Materials) and, thus, is controlled using inverse ki-
nematics, giving as input the position and orientation of the end ef-
fector (the XVA hand). The VE, with the avatar in first-person
perspective, was developed in Unity (Unity Technologies, USA) and
was rendered to participants wearing the Vive Pro Eye HMD (HTC
Corporation, Taiwan). The VE and its components are the core of
the proposed modular testing platform, which accounts for a con-
trol loop and a sensory loop, with different implementations for the
XVA and the natural arms (Fig. 2B).

For the motor control of the XVA using our proposed gaze-
diaphragmatic respiration HMI, we capitalized on the Tobii eye
tracking system embedded in the Vive Pro Eye HMD and on the
TobiiXR eye tracking SDK. The platform then accepted a three-class
classification result reflecting the user intention to move forward or
backward or to stay still. In our implementation, this is the output of
our diaphragmatic modulation decoding; however, the level of ab-
straction given by the platform potentially allows any other classifi-
cation output to complement gaze in such an HMI. At present, the
rotation of the third hand is automated in such a way that while ap-
proaching the target for BR, the wrist supinates to face the target
with the palm of the third hand.

ALEx [(41, 61); Wearable Robotics S1l, Italy] allowed the control
of the avatar’s “natural” arms. ALEX’s left and right arm exoskeletons
are characterized by six rotational degrees of freedom serially con-
nected to constitute a kinematic chain ensuring kinematic isomor-
phism with the human arm. The three shoulder and one elbow
degrees of freedom are actuated. The mobility ranges of the six de-
grees of freedom cover about 92% of the human arm’s workspace. A
proprietary Wearable Robotics application allowed bidirectional
communication between the ALEx station and the platform, which
translated the user’s shoulder and elbow joint orientations tracked
by ALEx into the virtual natural arm joints in real time. To ensure
accurate tracking, utmost care was taken when adjusting the posi-
tion of the exoskeleton to fit the user, and tracking was qualitatively
assessed in the VE before starting the experiments (making sure
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that clasped biological hands resulted in clasped left and right hands
of the avatar).

The Unity physics engines allowed the simulation of realistic be-
haviors in the VE, providing useful information that, together with
the detailed knowledge of the environmental objects’ relative posi-
tions, we exploited to deliver haptic feedback to the user. In particu-
lar, we used the proposed haptic feedback display to provide the user
with information about the XVA contact—either with a target or
one of the biological arms—and about the proximity of the XVA to
the target. For this, the relevant information from the VE was
streamed to display delivering mechanical stimulations on the user’s
chest skin.

When it comes to the biological arms, although proprioception
is inherently ensured by the adopted tracking approach, we also ex-
ploited the possibility of applying torques to the ALEX’s joints to
provide force feedback based on collisions in the VE. We used Lab
Streaming Layer for real-time networking of the different modules
and collection of relevant data.

The planar XRA

We developed a prototype of an XRA to test our HMI with a physi-
cal robot. Our XRA is a wearable robot attached to the chest of the
user via adjustable straps and integrates a base allowing planar rota-
tion and a linear motion blade for the end-effector translation
(Fig. 7A). The overall weight of the robot is less than 2 kg, and its
weight distribution is located close to the chest, which makes it
comfortable to use. The weight distribution is also only marginally
affected by the extension of the metal band because it is very light-
weight. The workspace spans over 36° in rotation and 40 cm in
translation with a speed of 8.5 cm/s at a precision of 0.4 cm/s. The
XRA controller runs on an Arduino Due and receives input for rota-
tion and translation via serial communication. At present, the target
selection, which determines the XRA orientation, is automated and
not based on eye tracking as in the case of the XVA HMI implemen-
tation. The end-effector translation is based on the diaphragmatic
respiration modulation decoder classification output in the same
way as for the XVA HMI.

The movement trajectories of the XRA were characterized to as-
sess the robot’s movement stability and smoothness (fig. S8). In par-
ticular, fig. S8C shows the trajectory of the XRA when moving forward
toward the three possible targets for the three coordinates separately.
Although the movement on the x-y plane proved to be smooth and
consistent, more evident oscillations were present on the z (vertical)
axis. However, we do not believe that these oscillations hindered our
results because the reaching task to be performed was constrained to
the 2D plane.

HMI augmentation assessment

To evaluate the level of actual augmentation provided to the user, we
designed two dual tasks to investigate to what extent the gaze-
diaphragm HMI interferes with the ability of the user to perform
daily activities. In particular, we separately tested the effect on gaze
and speech production of a UR task in virtual reality. A UR trial was
considered successful if the participant reached the target and stopped
inside it for 500 ms, with a trial time-out set to 5 s. To evaluate the
influence on the ability to visually explore the surroundings, we had
participants perform the UR task with the XVA alone while also pop-
ping a soap bubble (UR-V task) appearing in the peripheral field of
view. To be popped, a bubble needed to be stared at for at least 500 ms.
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Of the 24 trials, only 20 contained a bubble. A trial was considered
successful only if the participant performed well on both the UR task
and the popping of the bubble. On the other hand, to evaluate the ef-
fect of the diaphragm-based HMI on the ability to speak, we asked
participants to count forward from 100 while controlling the XVA to
perform the UR task (UR-C task). Participants could count in their
preferred language so as to not add additional mental effort. A trial
was successful only if the participant could perform the reaching task
and if the time of motor control of the XVA while counting forward
without errors was at least 40% of the time of motor control (see the
Supplementary Materials and fig. S10). Participants were given de-
tailed information on each task and the requirements for a successful
execution before starting. Examples of these tasks can be found
in movie S1.

UR and BR tasks

To assess the chosen sensorimotor control approach in the context
of human augmentation, we defined two reaching tasks that partici-
pants performed in the VE: a UR task performed with each of the
three arms (24 movements per arm) and aimed at assessing the level
of independence and a BR task performed with each of the three
pairs of arms (24 movements per pair) and aimed at assessing coor-
dination. In the UR task, a trial was considered successful if the par-
ticipant reached the target (a sphere with a 5-cm radius appearing in
three possible locations 13 c¢cm in front of the arm involved in the
current trial) and stopped inside it for 500 ms. Trial time-out was set
to 5 s. In the BR task, a trial was considered successful if the partici-
pant collided the two hands inside the target (a sphere with a 5-cm
radius appearing in three possible locations 23 cm in front of the
two arms involved in the current trial) within 500 ms from the mo-
ment in which the first hand entered the target. Trial time-out was
set to 10 s. For both tasks, the participants had to maintain the
arm(s) not involved in the reaching movement in the rest position
(identified by a sphere for each arm where the hand can rest if the
arm is not extended and the angle between the arm and the forearm
is approximately 90°). Participants were involved in three sessions
over three consecutive days, where they performed the UR and BR
tasks. During the second and third sessions, the participants also
performed the BR task without visual feedback from the three arms
(B-BR). The choice of focusing on the coordination task to imple-
ment a blindfolded version aimed to challenge skills with the most
complex task while mitigating fatigue-based confounds that could
have arisen upon also introducing a blind version of the UR task. A
subset of participants from the motor-augmentation group came
back for a fourth session 1 week after completing the training. In
this session, they performed the UR, BR, and B-BR tasks again. All
study participants controlled the XVA using the gaze-diaphragm
HMI. Participants in the sensorimotor-augmented group were also
asked to wear the haptic display and received artificial feedback for
the XVA. All participants were given detailed information on each
task and the requirements for a successful execution before starting.
Examples of these tasks can be found in movie S2.

XRA control assessment

In the fourth session, the subset of participants from the motor-
augmentation group also performed an analogous UR task with the
XRA. For the UR with the XRA, all the possible targets were num-
bered and displayed as circles (radius, 5 cm) on a table in front of the
participants (see fig. S3A), and for each trial (24 per arm), a screen
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informed them of the arm and the target number to reach. The three
targets for both the right and left arm were positioned at around
25 c¢m from the corresponding resting positions (fig. S8A). To en-
sure optimal visibility in the physical task (where targets and resting
positions lay on the same plane), we took advantage of the extended
translational capabilities of the XRA and positioned its targets at
20 cm with respect to the XRA’s resting position. To match the UR task
with the XRA and the XVA, the linear velocity of the XRA was set
equal to the one of the XVA, around 8.5 cm/s. Therefore, because of
the longer distance to be covered by the XRA, the trial time-out was
adjusted and fixed to 7.6 s. The participants were asked to maintain
the arms not involved in the reaching movement in the rest posi-
tions (three circles of 5-cm radius). To track the position of the XRA
end effector and that of the left and right hand, we implemented a
tracking system using an Intel RealSense D435 Depth Camera
(Intel) and developed a MATLAB application. Three markers colored
red, blue, and green (RGB) were used and located using an RGB
filter. The depth information given by the camera was used to cor-
rect for the wrong optical projection due to the movement on the
vertical axis. Naive participants (control group) undertook a single
session of the UR task with the XRA. All participants were given
detailed information about the task and the requirements for a suc-
cessful execution before starting. Video examples of these tasks can
be found in movie S3.

Assessment of simultaneous speech and XVA control

The percentage of simultaneous control in terms of movement of the
XVA and speaking activity was computed for the UR-C task to en-
sure that participants were not segregating the two aspects of the
task. To do so, the control signals were rectified and interpolated to
have the same sampling frequency as the speech recordings. The du-
ration of motor control was defined as the amount of time the XVA
was moving plus the last 500 ms where the participant managed to
stop inside the target. Speech recordings were rectified, smoothed
with a moving average over 10 ms, and made discrete with values of
0 or 1 by thresholding the audio signals. The control and speech
signals were then multiplied to find the amount of simultaneous ac-
tivity. To consider a trial successful, we required a minimal amount
of simultaneous activity corresponding to a threshold of 40% (see
the Supplementary Materials and fig. S10).

Motor performance outcome measures

We evaluated the reaching performances of participants in terms of
success rate (number of correct trials divided by total number of
trials) for each task and session. For BR tasks, we pooled together
the trials involving the XVA and the left arm together with those
involving the XVA and the right arm.

To understand the source of errors in the different tasks, we ana-
lyzed the unsuccessful trials and clustered the errors according to
three categories: NE, WE, and TE. We considered NE trials to be
those in which the XVA or XRA did not exit the rest position, TE tri-
als to be those in which the participant failed because they did not
meet the required timing constraints, and WE trials to be those failed
because of all the remaining errors. WE errors could have different
natures in the UR and BR (or B-BR) tasks. In the UR task, they in-
cluded the cases in which the extra arm did not stop at all or did not
stop inside the target; cases in which the reaching movement execu-
tion was correct with the extra arm, but one or both of the biological
arms were not kept in the rest position; and combinations of these
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Table 1. Embodiment questionnaire. Embodiment questions
categorized into four distinct groups representing different aspects of
embodiment.

Body ownership
1. It felt like | had three arms.

2. It seemed like the third arm was a

3.1t seemed like the third arm was m

Body image

1.1t seemed like | was looking directly at my own arm rather than a
virtual third arm.

Somatosensation

Control questions
1. It felt as if | had two bodies.

2. It felt as if | had two right arms.
3. It felt as if | had two left arms.

Experience

1.1found the experience enjoyable.

cases. In the BR and B-BR tasks, in contrast, they included cases in
which the collision of the two hands involved in the task happened
with one or both the hands outside of the target; cases in which the BR
movement execution was correct, but the biological arm not involved
in the movement did not maintain the rest position; and combina-
tions of these cases.

In UR-V and UR-C tasks, only the trials considered overall cor-
rect—that is, those trials where both tasks were accomplished—
were used for the computation of success rates. Trials containing
counting errors in the UR-C task were also considered unsuccessful.
On the other hand, for the characterization of error sources, we con-
sidered the trials where the reaching was unsuccessful, regardless of
whether the secondary task was accomplished. Last, motor perfor-
mance was also assessed by computing the execution time in suc-
cessful trials. Again, for BR tasks, we made no distinction between
the trials involving the XVA and the right arm and those involving
the XVA and the left arm.

NASA TLX questionnaires

After the UR tasks performed with the XVA during the HMI
augmentation assessment, participants were asked to complete
the NASA TLX questionnaire (62), which aims to evaluate the
level of workload perceived by the participant during the task.
The questionnaire consists of six questions investigating the
perception of mental, physical, and temporal demand; the per-
ception of the participants’ own performance; the level of effort
required; and the level of frustration perceived. The combined
score of these questions provides an overall index of mental
workload, with higher values corresponding to higher perceived

Dominijanni et al., Sci. Robot. 8, eadh1438 (2023) 13 December 2023

workload. The same questionnaire was administered after each
task during the three training sessions and the fourth session for
the subset of motor-augmentation participants who were invited
for the fourth visit. Each participant performing the UR task
with the XRA also filled out the NASA TLX questionnaire at the
end of the task.

Embodiment and experience questionnaires

We asked participants to complete a questionnaire at the end of
their three sessions of training (Table 1) to evaluate embodiment
of the XVA and their experience with it. Volunteers were asked to
rate their agreement from strongly disagree to strongly agree on a
seven-point Likert scale (-3, strongly disagree; 3, strongly agree)
for 14 statements, based on (7), which aimed to investigate four
aspects of embodiment (body ownership, agency, somatosensa-
tion, and body image), the participant’s experience, and the volun-
teer’s reliability in answering these kinds of questionnaires (via
questions posing unrealistic scenarios). Because of data collection
issues, one sensorimotor-augmentation participant did not com-
plete the questionnaire. We averaged the scores within each of the
six categories (considering the opposite value for the statement on
the foreign body in the body ownership category and for the one
on autonomous movement of the XVA in the agency category),
and we excluded one motor-augmentation participant from the
analysis because their average score in the control category ex-
ceeded 0 (neutral).

Diaphragm modulation analysis

To understand the strategy used by participants when controlling
the XVA with the proposed HMI, we analyzed diaphragmatic respi-
ration in successful trials for the UR, BR, and B-BR tasks. For each
participant, session, and task—after detrending and interpolating
the data to obtain sequences of the same length (corresponding to
the average length of the diaphragmatic profiles)—we averaged the
diaphragmatic profiles using trainable time warping (TTW) to align
the different time series (63). To understand whether an underlying
common structure exists for diaphragmatic profiles in different
tasks, we clustered the time series using the TTW distance as dis-
tance measure.

Statistical analysis

Statistical analyses were performed using R (version 4.1.1). Nor-
mality was tested on nonbinomial data using the Shapiro-Wilk
test. All datasets characterized by a repeated measure design were
analyzed with generalized linear mixed models (GLMMs). With
the exception of binomial data, for which the logit link can be
directly specified when fitting the GLMM, data not normally dis-
tributed (BR execution times and NASA TLX scores) were log-
transformed, and a Gaussian GLMM (therefore a linear mixed
model) was used to analyze the data. For all other analyses, we
used logistic regressions for binomial data, whereas one- or two-
sample ¢ tests were used when data were normally distributed,
and one- or two-sample Wilcoxon signed-rank tests were used for
nonbinomial and nonnormally distributed data. We used a sig-
nificance level of a = 0.05 to determine statistical significance,
and Tukey adjustment was used for multiple comparisons. We ex-
tended our analysis of nonsignificant results by conducting Bayes-
ian tests with a continuous prior distribution, specifically using a
Cauchy prior width of r = 0.707.
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