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A B S T R A C T

The rubber hand illusion (RHI) is a widely applied paradigm to investigate changes in body representations.
Extensive scientific interest has produced a great variability in the observed results and many contradictory
findings have been reported. Taking into account the numerous variations in the experimental implementation
of the RHI, many of these contradictive findings can be reconciled, but to date a thorough analysis of the
methodological differences between RHI studies is lacking.

Here we summarize and analyse methodological differences between RHI studies. In distinction from other
reviews focusing on the integration of findings from various studies, the present paper is devoted to the dif-
ferences in (i) the experimental setup, (ii) the method used to induce the RHI, (iii) the quantification of its
effects, and (iv) aspects of the experimental design and data analysis. This approach will provide a reference
frame for the interpretation of previous studies as well as for the design of future studies.

1. Introduction

The rubber hand illusion (RHI) is an established and frequently used
paradigm to investigate changes in body representations (Abdulkarim
and Ehrsson, 2016; Botvinick and Cohen, 1998; Tsakiris and Haggard,
2005). Its core feature is the experimentally induced embodiment of an
artificial hand, which is processed as belonging to the own body. This
involves somatosensory (e.g., Kilteni and Ehrsson, 2017), affective (e.g.,
Armel and Ramachandran, 2003) and motor components (e.g., Heed
et al., 2011). At a phenomenological level, the RHI often evokes the
feeling that the artificial hand belongs to the own body, referred to as a
sense of body ownbership. This illusory experience is usually induced
by synchronously touching the participant’s own hand, which is hidden
from view, and an artificial hand, which is placed visibly in front of the
participant in an anatomically plausible position. The most common
methods for quantifying the strength of the RHI include subjective self-
reports assessed with questionnaires and measures of the perceived
position of the own hand. In RHI questionnaires, subjective experiences
relating to the sense of ownership over the artificial hand and/or the

sense of agency over movements of the artificial hand are typically
rated on a Likert scale (section 4.1). Verbal or behavioural judgments
about the own hand’s location usually reveal a systematic mislocation
of the unseen own hand towards the artificial hand, a phenomenon
commonly referred to as proprioceptive drift (section 4.2).

In recent years, the RHI has been extensively studied and has ad-
vanced our understanding of human bodily awareness. A large number
of studies on the RHI has been published since its seminal description
by Botvinick and Cohen (1998), and during this period, the original
paradigm has been developed and refined in many aspects, including
the procedure of induction, the type of the used artificial hand and the
method for assessing altered body representations. Not surprisingly, the
wealth of studies on the RHI has also produced a great variability in the
obtained results and many contradictory findings have been reported.
Subjective reports about the perceived strength of the illusion exhibit a
large variability between studies and even the arguably more objective
measure of proprioceptive drift of the own hand towards the artificial
hand ranges from 1 cm (e.g., Riemer et al., 2013) to more than 5 cm
(e.g., Kammers et al., 2009a). Moreover, while Armel and
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Ramachandran (2003) reported an embodiment of the table surface
when it was stroked in synchrony with the hidden hand, other re-
searchers did not find evidence for an embodiment of objects deviating
from a basic bodily shape (e.g., Holmes et al., 2006; Tsakiris and
Haggard, 2005), suggesting that a rudimentary resemblance of shape
between own and artificial hands is a necessary prerequisite for the RHI
(de Preester and Tsakiris, 2009; Riemer et al., 2014; Tsakiris, 2010).
Reviewing the scientific literature, we argue that many of these dis-
crepancies can be explained by variations in the RHI paradigm and that
several conflicts between seemingly contradictory findings can be re-
solved by taking into account the experimental conditions under which
they have been observed.

The aim of this article is therefore to compile the existing differ-
ences between implementations of the RHI paradigm and to discuss to
which extent these differences can account for the diverging results in
this field of research. We will focus on studies based on multisensory
integration between tactile stimuli at (or movements of) the own hand
and visual stimuli at (or movements of) an external object. Studies
using different paradigms, for which a different methodology is con-
sidered a defining aspect rather than a theoretically negligible side
detail (e.g., the somatic RHI, Ehrsson et al., 2005), are beyond the scope
of this review. The article is subdivided into four main sections (see
Fig. 1) focusing on differences related to (i) the experimental set-up, (ii)
the method used to induce the illusion, (iii) the quantification of RHI
effects, and (iv) aspects of the study design and data preprocessing.

2. Experimental set-up

Generally, many aspects of the experimental set-up differ between
studies and research groups, depending on the specific research ques-
tion, the laboratory setting, and the technical equipment. In this section
we will only discuss the differences in the experimental set-up which
are specifically related to RHI experiments, namely (i) the position of
the artificial hand relative to the own hand, (ii) the type of the artificial
hand, and (iii) the laterality of the hand, i.e., whether the RHI is in-
duced at the right or the left hand.

2.1. Position of the artificial hand

An important difference between RHI studies relates to the spatial
axis along which the artificial hand is displaced (relative to the parti-
cipant’s own hand), and therefore the axis, along which a propriocep-
tive drift is expected. Although in most studies the artificial hand is
positioned next to the own hand along the horizontal axis (e.g.,
Kammers et al., 2009b; Lloyd, 2007; Riemer et al., 2014), a consider-
able number of studies also implemented a spatial discrepancy along
the vertical axis, i.e., the artificial hand was placed above the partici-
pant’s own hand (Azañón and Soto-Faraco, 2007; Bekrater-Bodmann

et al., 2012; Heed et al., 2011; Jenkinson and Preston, 2015; Kalckert
and Ehrsson, 2012, 2014b, 2014a; Kammers et al., 2010; Ma and
Hommel, 2015, 2018; Marotta et al., 2017; Pavani et al., 2000; Wen
et al., 2016; Zeller et al., 2011). However, it has frequently been shown
that distances in depth, i.e., along the participant’s line of sight, are
perceived as shorter than equivalent distances along the fronto-parallel
axis (Loomis and Philbeck, 1999; Norman et al., 1996, 2015). With
respect to the RHI, Snijders et al. (2007) found evidence for a different
weighting of visual and proprioceptive postural information along the
horizontal and the vertical axis, with the influence of vision being
stronger along the horizontal axis. A vertically displaced artificial hand
would therefore appear as being spatially closer to the own hand than a
horizontally displaced artificial hand, and indeed, Bekrater-Bodmann
et al. (2012) found higher subjective ratings of illusory hand ownership
for a vertical than for a horizontal set-up. Also the measure of pro-
prioceptive drift is influenced by the perceived distance between the
seen artificial and the felt own hand (Kalckert and Ehrsson, 2014b;
Preston, 2013), and it is of considerable importance to take the axis into
account, along which this drift is induced and measured. Thus, as-
suming all other aspects discussed in the following sections as being
equal, one should expect a smaller proprioceptive drift when the arti-
ficial hand is placed above rather than beside the participant’s own
hand, because the spatial displacement is perceived as smaller. Due to
the considerably larger number of studies using a horizontal rather than
a vertical displacement and due to the variety of other aspects in which
they differ, a fair comparison is difficult to make, but we can note that
the largest proprioceptive drift reported along the horizontal axis was
about 6 cm (Kammers et al., 2009a) and only about 3 cm along the
vertical axis (Wen et al., 2016). Furthermore, Riemer et al. (2019) re-
ported age-related differences in the perception of arm length, which
can influence the perceived mismatch for a vertical, but not for a hor-
izontal displacement of the artificial hand.

One example for the importance of differentiating between vertical
and horizontal RHI set-ups is given by Smit et al. (2018). In their study,
they investigated the intriguing finding by Ferri et al. (2013), namely
that the mere expectation of touch is sufficient to induce the RHI (i.e.,
in the absence of any actual touch) – a finding that challenges the
generally held assumption that tactile perception is essential for the RHI
to occur and which is under current debate (Ferri and Costantini, 2016;
Guterstam et al., 2016, 2019). By directly comparing both set-ups, Smit
et al. (2018) could show that the effect of tactile expectations occurred
only in the vertical, but not the horizontal set-up, i.e., when the own
and the artificial hand were aligned along the (vertical) trajectory of the
approaching stimulus. However, it should be noted that, in the re-
spective experiment of their study, Smit et al. (2018) only assessed
subjective reports of perceived ownership, which were not supported by
more implicit measures of the RHI. Assessing proprioceptive drift and
threat-evoked skin contuctance responses (cf. section 4.2 and 4.3),

Fig. 1. Schematic depiction of discussed topics, related to the experimental set-up (section 2), the induction method (section 3), the quantification of RHI effects
(section 4), and the experimental design and data analysis (section 5). Numbers in parentheses refer to the corresponding sections.
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Guterstam et al. (2019) found mere tactile expectations to be in-
sufficient to induce the RHI.

Of special relevance in this regard are studies using virtual reality or
mirror set-ups (cf. section 2.2), in which the spatial location of the own
and the artificial hand are perfectly aligned (Bekrater-Bodmann et al.,
2014; Longo et al., 2008a; Tieri et al., 2015). In these situations, ex-
perienced ownership over the artificial hand is expected to be much
larger compared to a situation involving a spatial mismatch between
own and artificial hands, but obviously these set-ups also prevent the
quantification of the RHI via proprioceptive drift.

There are practical constraints in terms of where to place the arti-
ficial hand, and the range of locations to the side of the participant’s
own hand, which are still visible, is considerably larger than the range
of possible locations above the own hand (Kalckert and Ehrsson,
2014b). Therefore, a smaller proprioceptive drift along the vertical axis
might also be a natural consequence of an on average smaller dis-
crepancy between the spatial locations of artificial and own hand.
Along the horizontal axis, the spatial distance between artificial and
own hand is usually about 15 cm (e.g., Durgin et al., 2007; Kammers
et al., 2009a; Riemer et al., 2015), whereas along the vertical axis,
distances of about 12 cm are most common (e.g., Heed et al., 2011;
Kalckert and Ehrsson, 2012, 2014a)1 . One possibility to enhance the
comparability between RHI studies and to overcome the difficulties in
the interpretation of proprioceptive drift values consists in percentage
values, i.e., in addition to the absolute drift (in cm), authors could
provide a weighted drift value that relates the absolute drift to the
actual distance between artificial and own hand (Cowie et al., 2013;
Kalckert and Ehrsson, 2014b; Preston, 2013).

There seem to be spatial limits for the RHI, as the strength of the
illusion decreases with increasing distance between artificial and real
hand. This has been found both for displacements along the horizontal
axis (Lloyd, 2007; Preston, 2013; but see Zopf et al., 2010) and the
vertical axis (Kalckert and Ehrsson, 2014b). Importantly, the spatial
distance rule seems to apply only for measures of proprioceptive drift
and the sense of ownership over the artificial hand, whereas the sense
of agency (in case of the RHI being induced by active movements) is
relatively resistant to increases in spatial distance (Kalckert and
Ehrsson, 2014b). This observation will be further discussed in section
4.1.

Finally, Preston (2013) suggested that the strength of the RHI de-
pends not so much on the distance between artificial and own hand, but
rather on the distance between the artificial hand and the trunk of the
participant’s body. Assuming a disembodiment of the own hand during
the RHI, it makes sense that the distance between those parts which are
experienced as belonging to the own body (i.e., artificial hand and
trunk) is of greater importance than the distance between the embodied
artificial hand and the disembodied own hand. According to Preston
(2013), given a fixed distance between artificial and own hand, the
strength of the illusion could be increased by placing the artificial hand
closer to the participant’s trunk. However, it should be noted that the
anatomical plausibility of hand/arm posture decreases with an in-
creasing distance between the artificial hand and the body, and that
anatomical plausibility seems to be an important factor for the RHI
(Ehrsson et al., 2004; Pavani et al., 2000; Tsakiris and Haggard, 2005).
Nevertheless, if the assumption by Preston (2013) is to be confirmed
within the limits of anatomical constraints (e.g., within reaching dis-
tance), it imposes a further important aspect of experimental RHI set-
ups, which varies between studies and might be of value to explain
deviating or even conflictive findings.

2.2. Type of the artificial hand

The term rubber hand illusion already alludes to the type of the ar-
tificial hand used in the seminal study by Botvinick and Cohen (1998),
but of course, the RHI does not depend on the artificial hand being
made of rubber, and a variety of other types of artificial hands have
been used as well (Kalckert and Ehrsson, 2012; Senna et al., 2014).
Because participants do not need to touch the artificial hand during the
experiment, the different materials of which the artificial hand can
consist of (rubber, wood, plastic, etc.) is rather irrelevant for the illu-
sion itself, as long as the artificial hand is unequivocally recognized as
an external object that does not belong to the own body (Fig. 2A).
However, in many studies the artificial hand was not an external object
at all, but instead the mirror reflection of the participant’s own con-
tralateral hand (Fig. 2B; Holmes et al., 2006, 2004; Holmes and Spence,
2005; Longo et al., 2008a; Ro et al., 2004; Snijders et al., 2007; Tajima
et al., 2015) or the video-recorded image of the ipsilateral hand
(Fig. 2C; Abdulkarim and Ehrsson, 2018; Gentile et al., 2013; Kammers
et al., 2009b; Longo and Haggard, 2009; Newport et al., 2010; Newport
and Preston, 2010; Pavani and Zampini, 2007; Tsakiris et al., 2010a,
2006). Both the application of mirror and video images in the RHI have
some important advantages compared to the use of prosthetic hands.
For example, real-time video images allow the implementation of active
movements, i.e., self-executed movements of the own hand can be ob-
served at the spatially displaced video image of the hand (Kammers
et al., 2009b; Tsakiris et al., 2006). Also regarding the visual similarity
between artificial and own hand, both video and mirror images have
clear advantages, as they capture the individual appearance of the
participants’ own hand, which is especially relevant for comparisons
between groups of differing hand size and/or structure (e.g., young vs.
old adults, Riemer et al., 2019).

However, the advantages of video and mirror images are accom-
panied by a larger influence of top-down processes about body own-
ership, potentially resulting in higher ownership ratings, because it can
be assumed that most participants are very familiar with mirrors and
videos and therefore are well aware that they are indeed looking at
their own hand, even if it is spatially displaced (Bertamini et al., 2011;
Jenkinson and Preston, 2015). As the RHI paradigm is a method to
investigate the perceptual incorporation of body-extraneous objects
into a representation of the own body, this difference is of fundamental
importance. Mirror and video-based versions of the RHI are useful tools
to investigate the bottom-up influences of visuo-tactile integration
under a synchronous stroking condition, but it has to be taken into
account that they trigger additional top-down influences that might
boost the measured effects compared to studies using unequivocally
body-extraneous, prosthetic hands (e.g., Jenkinson and Preston, 2015;
Kalckert and Ehrsson, 2014a; Riemer et al., 2013). Special caution is
warranted regarding some items from standard RHI questionnaires,
such as “it felt like the hand I was looking at was my own hand” (e.g.,
Longo and Haggard, 2009) or “it felt as if the hand in the mirror was
part of my body” (e.g., Tajima et al., 2015). These it-felt-as-if-statements
are referring to something objectively true in the case of mirror re-
flections and video images of the own hand (participants actually are
looking at their own hand), while they are referring to something ob-
jectively false in the case of prosthetic hands. Presumably, this differ-
ence is reflected in an elevated level of agreement reported by parti-
cipants. For example, it might explain why, with respect to video-
recorded hands, sometimes even the asynchronous condition results in
a tendency for affirmative responses (e.g., Longo and Haggard, 2009;
Tsakiris et al., 2010a), while, with respect to prosthetic hands, asyn-
chronous touches almost always results in negative responses (e.g.,
Kalckert and Ehrsson, 2012, 2014a, 2014b, 2017; Kammers et al.,
2009a; Riemer et al., 2013, 2014, 2015). This example highlights the
importance to relate RHI scores to an adequate control condition, e.g.,
asynchronous stroking, rather than interpreting the absolute scores (cf.
section 5.2). Nevertheless, it cannot be ruled out that the effect of

1 In case of video-recorded and virtual hands displayed on a screen surface
(see section 2.2), the actual height difference between artificial and own hand
cannot be clearly determined. However, the perceived elevation of the seen
hand has to be lower than the screen surface on which it is presented (e.g., Ma
and Hommel, 2015, 2018; Wen et al., 2016).
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synchrony on subjectively reported ownership and other measures is
modulated by the type of the artificial hand. To give one example, the
knowledge that it actually is my own hand that I am looking at might
increase my attention towards temporal asynchronies between felt and
observed touches, or between executed and observed movements, re-
spectively.

These considerations do not apply to another possibility of pre-
senting artificial hands, provided by the development of virtual reality
techniques. Virtual hands can be presented on a monitor (Farrer et al.,
2003; IJsselsteijn et al., 2006; Ma and Hommel, 2013, 2015, 2018; Ma
et al., 2017; Wen et al., 2016), as 3D projection on a screen in an
augmented reality set-up (Choi et al., 2016; Perez-Marcos et al., 2009;
Sanchez-Vives et al., 2010; Slater et al., 2009), or within fully immersed
VR environments using a head-mounted display (Fig. 2D; Bach et al.,
2012; Bekrater-Bodmann et al., 2014; Nierula et al., 2017; Tieri et al.,
2015). Another advantage of virtual hands is that their appearance can
be systematically varied in size, shape and skin texture, and they easily
allow for the implementation of active hand movements. Top-down
influences due to the knowledge about the identity of the artificial
hand, as they were outlined for mirror- and video-based RHI set-ups,
are therefore unlikely in VR studies. However, the use of VR in ev-
eryday life is on the rise and the familiarity with VR set-ups increases
steadily, so that in future applications a similar issue has to be taken
into account: In VR experiments, the participants know that their own
hand can be in exactly the same location in which the virtual hand is
seen (and most participants might even hold this assumption per de-
fault), while in studies using body-extraneous prosthetic hands, it is
obviously impossible that the own hand occupies the same space as the
prosthetic hand. Consequently, a comparatively larger proprioceptive
drift in VR studies might partially be driven by the perceived likelihood
of a location near the artificial hand, rather than on visuo-tactile or
visuo-motor integration mechanisms.

It should be noted that the considerations about the type of the
artificial hand do not necessarily hinder interpretations within one
study (or between studies using the same set-up), but they reveal im-
portant limitations regarding the comparability between studies using
different experimental set-ups.

2.3. Laterality of the artificial/own hand2 and handedness

As the strength of the RHI seems to correlate with reduced attention
towards sensory signals from the own hand (Zeller and Hullin, 2018), it
can be speculated that the induction of the RHI might be facilitated at
the non-dominant hand. In addition, bodily self-awareness has been
predominantly associated with the right cortical hemisphere (for a

recent review see Blanke et al., 2015), and therefore, in right-handers,
the non-dominant left hand might be more directly linked to processes
affecting body ownership.

Some studies did not find substantial differences between hands
(Mussap and Salton, 2006; Niebauer et al., 2002; Smit et al., 2017;
Zeller and Hullin, 2018) or only side effects such as a higher relation-
ship between proprioceptive drift and subjective ratings for the left
compared to the right hand (Bertamini and O’Sullivan, 2014). However,
other studies reported higher subjective ratings (Ocklenburg et al.,
2011; Reinersmann et al., 2013), larger proprioceptive drifts (Dempsey-
Jones and Kritikos, 2019) and increased skin conductance responses
after a threat (Ocklenburg et al., 2011) for the left compared to the right
hand. Niebauer et al. (2002) observed a negative relationship between
the strength of hand dominance and the intensity of the illusion.

In the few studies directly addressing the role of handedness3, one
found clear differences between left- and right-handers concerning the
proprioceptive drift (Dempsey-Jones and Kritikos, 2019), while two did
not (Ocklenburg et al., 2011; Smit et al., 2017). In line with the latter,
no interaction between handedness and RHI scores were found when
both left- and right-handed participants were included and the RHI was
induced only at the right hand (Haans et al., 2008).

These findings suggest that there might be a small advantage for
inducing the RHI in the non-dominant hand, at least in right-handed
participants. For left-handers, the results are not conclusive, probably
due to the fact that they form a more heterogenous group than right-
handers.

However, it should also be noted that to date no study investigated
the influence of handedness on the RHI induced by active movements
rather than passive touch (cf. section 3.1 on different induction
methods). In contrast to the right-hemispheric dominance for bodily
self-awareness, a left-hemispheric dominance has frequently been re-
ported for motor control (Barber et al., 2012; Janssen et al., 2011;
Mutha et al., 2012). Therefore, handedness might still be an important
factor for the RHI induced by active movements. Interestingly, in nearly
all studies implementing an active RHI induction, the illusion was in-
duced at the right hand (one exception is Wen et al., 2016). To our
knowledge, only Longo and Haggard (2009) induced the active RHI at
both hands, but they did not analyse differences in the subjective report
of illusion strength. Instead they found shorter reaction times (for key
presses in response to visual stimuli) with the left hand, when the RHI
was induced on the right hand, than vice versa. However, as pointed
out by the authors, this effect might not be driven by changes in the
sense of body ownership but rather by the right-hemispheric dominance
for self-related stimuli (Keenan et al., 2005). Thus, the influence of
handedness on the active RHI has not been explored yet.

Fig. 2. Four different ways to present an arti-
ficial hand in the RHI, discussed in section 2.2.
(A) The classical RHI set-up using a prosthetic
hand, an unambiguously body-external object,
(B) a mirror image of the own contralateral
hand reflected in a parasagitally-placed mirror,
(C) a video-recorded image of the own ipsi-
lateral hand projected in front of the partici-
pant, and (D) a virtual hand displayed in vir-
tual or augmented reality.

2 The studies discussed in this section should not be confused with studies
investigating the anatomical congruency between the laterality of artificial and
own hand, e.g., when stimulating the participant’s right hand in synchrony with
an artificial left hand (e.g., Holle et al., 2011; Tsakiris and Haggard, 2005).

3 Related to the question of handedness, it seems relevant which method is
used to quantify proprioceptive drift (discussed in section 4.2), because it can
be assumed that pointing with the non-dominant hand is less reliable than with
the dominant hand.
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3. Induction of the RHI

Typically, RHI experiments consist in two phases. An induction
phase, in which the artificial and the participant’s own hand are sti-
mulated in a synchronous vs. an asynchronous manner, and a response
phase, in which the strength of the illusion is assessed (e.g., by mea-
sures of proprioceptive drift or subjective reports of ownership and/or
agency). The induction phase is therefore of crucial importance, be-
cause it sets the fundament for all subsequent quantifications of RHI
effects. Across studies, the induction phase differs in many ways, which
might well have explanatory value for different results between studies.
In the present section, we discuss differences regarding (i) the induction
method, e.g., whether the RHI is induced by tactile stimulation or
movements, (ii) the realization of temporal synchrony between touches
at, or movements of, the artificial and the own hand, (iii) the predict-
ability of touches/movements, (iv) properties of touches/movements,
(v) the number and type of involved fingers, and (vi) the duration of the
induction phase.

3.1. Method of induction

Three induction methods for the RHI can be distinguished (Fig. 3):
tactile stimulation4 (e.g., Botvinick and Cohen, 1998), active move-
ments5 (e.g., Kalckert and Ehrsson, 2012) and passive movements (e.g.,
Tsakiris et al., 2006). Some studies have directly compared the effects
of these induction methods, revealing the quite consistent picture that
proprioceptive drift and subjective reports of perceived ownership are
equally affected, while a sense of agency is significantly more induced
via active movements compared to passive movements and tactile sti-
mulation (Kalckert and Ehrsson, 2012, 2014a, 2014b; Kammers et al.,
2009b; Longo and Haggard, 2009; Riemer et al., 2013, 2014; Tsakiris
et al., 2010a; Wen et al., 2016; but see Dummer et al., 2009). Thus, the
sense of agency depends more on efferent motor signals than the sense
of ownership. Tsakiris et al. (2006) suggested that induction via active
movements is rather special in the sense that the resulting proprio-
ceptive drift spreads over the entire hand, i.e., even though only one
finger moved during the induction phase, other fingers are mislocalized
as well. This stands in contrast to what the authors found after an in-
duction via tactile stimulation and passive movements, where a

proprioceptive drift was exclusively found for the touched/moved
finger (Tsakiris et al., 2006). However, this is a rather extraordinary
finding which should not be taken for granted on the basis of a single
study, particularly as other studies using tactile stimulation successfully
measured proprioceptive drift of fingers that were not stimulated (e.g.,
Durgin et al., 2007; Fuchs et al., 2016). Furthermore, it should be noted
that this spreading effect was associated with comparatively low drift
values after induction via active movements (cf. their Fig. 2), so it
seems that the comparatively larger spread (which the authors refer to
as “inverse transfer” value, cf. their Fig. 3) was due to the involved
finger showing a decreased rather than to the non-involved finger
showing an increased drift (relative to other induction methods).

Induction via tactile stimulation and via active movements are often
considered to trigger two fundamental aspects of the body, namely the
body as the source of sensation, and the body as the source of action,
respectively (Kalckert and Ehrsson, 2012; Kammers et al., 2009b;
Riemer et al., 2013; Synofzik et al., 2008). Given that a primary and
evolutionary deeply rooted function of the acting body relates to flight
reflexes, it would be interesting to compare the induction methods of
tactile stimulation and active movements with respect to their effects on
physiological responses to bodily threats. However, though many stu-
dies included the assessment of skin conductance responses (e.g., Armel
and Ramachandran, 2003; Ocklenburg et al., 2011; Riemer et al.,
2015), to date no study has compared the effects of different induction
methods in this regard.

When discussing the capability of different induction methods, it is
important to consider some studies, in which the RHI was induced by
mere visual exposure of the artificial hand (Holmes et al., 2006; Pavani
et al., 2000; Schaefer et al., 2007, 2009). In these studies neither syn-
chronous touches nor movements were presented, and yet participants
reported a sense of ownership for the artificial hand (Pavani et al.,
2000; Schaefer et al., 2007, 2009) or were influenced in reaching
movements with their own hand (Holmes et al., 2006, 2004; Snijders
et al., 2007). Although the effects of mere visual exposure are smaller
than those of tactile stimulation or active movements (Azañón and
Soto-Faraco, 2007; Guterstam et al., 2019; Holmes and Spence, 2005;
Samad et al., 2015), these studies suggest that changes in body re-
presentations may not exclusively depend on the experience of visuo-
tactile and/or visuo-motor synchrony (Ferri et al., 2013; Samad et al.,
2015). As mere visual exposure has also been used as an additional
control condition for RHI effects (Rohde et al., 2011), these con-
siderations are also important for the discussion of the appropriate re-
ference against which RHI effects should be measured (see section 5.1).

3.2. Temporal synchrony of touches/movements

Arguably the most important factor in the RHI is the synchrony
between tactile stimuli at (or movements of) the artificial and the own
hand (Collins et al., 2017; Costantini et al., 2016). The comparison
between synchronous and asynchronous conditions is central to many
studies on the RHI. However, while synchrony is clearly defined, the
implementation of asynchronous or out-of-phase stimuli is open to in-
terpretation and varies between studies. The temporal delay between
stimuli in asynchronous conditions ranges from 300 ms (e.g., Bekrater-
Bodmann et al., 2014) up to 2 s (e.g., Riemer et al., 2015). Furthermore,

Fig. 3. Induction methods for the RHI, dis-
cussed in section 3.1. (A) Induction via tactile
stimuli applied synchronously to the own and
the artificial hand. (B) Induction via active
movements, executed by the participant.
Moving the finger of the own hand causes the
same movement of the artificial hand. (C) In-
duction via passive movements, executed by
the experimenter.

4 Recently, a new induction method based on the intregration of visual and
thermal stimuli has been introduced by Trojan et al. (2018), showing the same
effects on perceived ownership over the artifical hand.

5 It should be noted that the induction method of active movements often
coincides with mirrored contralateral own hands (e.g., Holmes and Spence,
2005), video-recorded ipsilateral own hands (e.g., Kammers et al., 2009b), or
virtual hands (e.g., Sanchez-Vives et al., 2010) being presented as the artificial
hand, the potential caveats of which have been discussed in section 2.2. This is
probably due to technical issues, as the implementation of self-controlled
movements of prosthetic hands imposes obvious technical obstacles. Never-
theless, in some studies active movements over prosthetic hands have been
realized (Azañón and Soto-Faraco, 2007; Dummer et al., 2009; Kalckert and
Ehrsson, 2012, 2014a, 2014b, 2017; Marotta et al., 2017; Riemer et al., 2013,
2014; see also Walsh et al., 2011 for presenting only an actively controlled
artificial finger).
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the relation between visuo-tactile asynchrony and RHI strength seems
to follow a continuous rather than a dichotomic pattern (Bekrater-
Bodmann et al., 2014; Shimada et al., 2009). Franck et al. (2001) have
demonstrated that visuo-motor asynchronies below 150 ms cannot be
reliably detected by healthy participants, suggesting that small asyn-
chronies in brush strokes are still perceived as synchronous. However,
in the same study it was also shown that schizophrenic patients often
fail to detect visuo-motor asynchronies of up to 500 ms (larger delays
were not tested). As delays around this magnitude are commonly used
in the asynchronous condition (e.g., Graham et al., 2014; Tsakiris,
Longo, et al., 2010), this highlights the importance of using sufficiently
large asynchronies when testing patient groups for which the percep-
tion of temporal asynchronies might be impaired, because generally
increased RHI scores could theoretically be explained by a deficit in
detecting the intended delay in asynchronous conditions as well as
occasionally unintended delays in synchronous conditions. Even in
healthy participants, individual differences in the temporal binding
window of visuo-tactile stimuli can explain differences in the suscept-
ibility to the RHI (Costantini et al., 2016). Maselli et al. (2016) showed
that the RHI itself can influence the perception of visuo-tactile asyn-
chronies. In their study, participants showed a dilated temporal binding
window for visuo-tactile stimuli that were presented in contact with a
virtual hand compared to stimuli away from the virtual hand. This di-
lation of the temporal binding window correlated with perceived
ownership over the virtual hand. This suggests that there is a bidirec-
tional relationship between perceived ownership and the detection of
asynchronies in visuo-tactile stimulation.

3.3. Predictability of touches/movements

Studies not only vary with respect to the magnitude of the temporal
delay between stimuli, but also with respect to the regularity of this
delay. For example, some studies used a fixed delay (e.g., Tsakiris et al.,
2006), whereas others used jittered, less predictable delays (e.g., Fuchs
et al., 2016; Rohde et al., 2011). In light of current theories of pre-
dictive coding, postulating a strong link between perception and a
continuous prediction of upcoming sensations (Adams et al., 2013;
Clark, 2013), the predictability of tactile sensations and motor effects
should have a strong influence on body representations. It should make
a difference whether observed stimuli at the artificial hand are followed
by a tactile sensation constantly after a fixed delay (so that the onset of
each sensation can be reliably predicted), or whether the sensation
follows after a random, unpredictable delay. To date, no study speci-
fically investigated the regularity of out-of-phase touches (or move-
ments) in the RHI. Such studies would provide important information
about the asynchronous conditions, against which RHI effects are
usually measured.

In contrast to the temporal domain, the role of predictability has
been investigated in the spatial domain. Kammers et al. (2009b) in-
cluded a mismatch condition, in which touches at the artificial index
finger were always coupled with touches at the own little finger, and
vice versa, and showed that this anatomical mismatch reduced the RHI.
This finding highlights the importance of anatomical congruent tou-
ches. To test for an additional role of predictability of tactile and/or
motor events independent from their anatomical plausibility, Riemer
et al. (2014) directly compared a consistent mismatch condition with a
random condition, in which the coupling between artificial and own
fingers varied randomly (i.e., unpredictably alternating between con-
gruent and incongruent mapping), and found that the RHI was affected
only by the anatomical plausibility and not by the predictability of
touches/movements. This observation demonstrates that the plasticity
of body representations is limited and that an anatomically congruent
mapping between real and artificial fingers (as opposed to a just pre-
dictable mapping) constitutes a necessary condition for the RHI, both in
the passive and the active version (Riemer et al., 2014).

3.4. Properties of the tactile stimuli and type of movements

With respect to the tactile induction method, it has been shown that
RHI effects are modulated by the speed of stroking. A stroking velocity
of 3 cm/s, which targets a subset of somatosensory “affective touch”
fibers and is usually rated as more pleasant (Essick et al., 2010), induces
greater changes in subjective self-reports of ownership (Crucianelli
et al., 2013; Lloyd et al., 2013; van Stralen et al., 2014) and proprio-
ceptive drift (van Stralen et al., 2014; but see Lloyd et al., 2013) than a
stroking velocity of 30 cm/s. The same effect was found for soft com-
pared to rough stroking materials (van Stralen et al., 2014). Thus, the
pleasantness of touch seems to be a critical variable that might very
well differ between studies. This is especially relevant when the affec-
tive components of the RHI are in the focus of the study (e.g., Engelen
et al., 2017; Riemer et al., 2015), because an experimental condition
imposing a threatening or aversive situation can change the perceived
pleasantness of stroking, and ultimately the RHI effects that are to be
expected. A possibility to control for the effects of pleasant touch would
be to include specific questionnaire items targeting the affective ex-
perience during the illusion, e.g., the affect-related items specified in
Longo et al. (2008). In addition to the influence of pleasant touch, Ward
et al. (2015) and Filippetti et al. (2019) reported an effect of con-
gruency between the felt touch and the visual features of the stroking
tool: Feeling the touch of a paintbrush while seeing the artificial hand
being touched with a pencil reduces the illusion compared to a con-
gruent condition (but see White et al., 2010).

Similarly, the RHI as induced by active movements might depend on
the type of executed movements. In most studies, participants were
instructed to perform only small movements, e.g., lifting the index
finger (Kammers et al., 2009a; Riemer et al., 2013), and often are
trained to move at a specific pace and/or in a specific manner (Holmes
and Spence, 2005; Tsakiris et al., 2006). These imposed restrictions
might well reduce the RHI effects compared to study designs allowing
for a wider range of self-determined movements that involve more than
one finger or even the whole hand (Dummer et al., 2009; Wen et al.,
2016). Another important aspect consists in the goal-directedness of
movements. For example, Wen et al. (2016) could show that the extent
of proprioceptive drift, induced by self-controlled movements, further
increases when the movements are directed to a specific goal. In some
studies, goal-directed movements are performed during the RHI in-
duction, without the goal-directedness being the explicit focus of in-
vestigation (e.g., Azañón and Soto-Faraco, 2007; Choi et al., 2016). This
is a sound strategy, as it supposedly enhances the illusion, but never-
theless, it has to be taken into account when comparing the results with
other studies in which the RHI was induced by self-controlled, yet not
goal-directed movements (e.g., Holmes and Spence, 2005; Kalckert and
Ehrsson, 2012; Riemer et al., 2014).

Another aspect of tactile stimuli and/or movements within the RHI
paradigm consists in concurring auditory cues (e.g., tapping sounds of a
moving finger). From a methodological point of view, this is an im-
portant – though often overlooked – detail, because it has recently been
shown that synchronous auditory cues (i.e., in addition to synchronous
visuotactile stimulation) can enhance proprioceptive drift in the RHI
(Darnai et al., 2017; Radziun and Ehrsson, 2018). As in most studies it is
not reported whether auditory cues were eliminated (e.g., by earplugs)
or not, it is difficult to exclude this potential source of inconsistencies
between studies.

3.5. Number and type of touched/moved fingers

It seems reasonable to ask how many and which fingers were in-
volved during the RHI induction across different studies. In most stu-
dies, stimulation was restricted to one finger, most frequently the index
finger (e.g., Bekrater-Bodmann et al., 2014; Kammers et al., 2009a;
Riemer et al., 2013). Only few studies included three or more finger
types (Bekrater-Bodmann et al., 2012; Guterstam et al., 2016; Heed
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et al., 2011; Rohde et al., 2011, 2013; Samad et al., 2015; Zeller et al.,
2011) and/or applied the stimulation at the back of the hand
(Abdulkarim and Ehrsson, 2016; Bekrater-Bodmann et al., 2012; Durgin
et al., 2007; Guterstam et al., 2018; Rohde et al., 2011, 2013). This is
surprising, as the stimulation of a wider part of the skin should enhance
the vividness of the illusion. Heed et al. (2011) reported the observation
in preliminary tests that a combination of stroking, pressing and
pinching the hands was more succesfull in inducing the RHI than just
stroking with brushes. In another study, it was reported that the sup-
porting effect of pleasant touch (discussed in section 3.4) is more pro-
nounced on hairy than on glabrous skin (van Stralen et al., 2014).

3.6. Duration of the induction phase

The duration of the induction phase varies substantially between
studies, ranging from only a few seconds (e.g., Holmes and Spence,
2005) up to ten minutes (e.g., Botvinick and Cohen, 1998). In light of
this variety, the impression arises that the duration of the induction
phase is only of minor importance, because also in studies using a very
short induction phase, significant effects were reported. Nevertheless,
an influence of this factor cannot be ruled out. Rohde et al. (2011)
repeatedly assessed proprioceptive drift during continued tactile sti-
mulation and observed a plateau of proprioceptive drift after about
40 s. However, in this experiment no ownership was assessed. In an-
other study (Fuchs et al., 2016), an increase in both ownership and
proprioceptive drift was observed over the course of seven RHI induc-
tion phases, suggesting that the strength of the illusion increases over
time. Despite this preliminary evidence, no study directly investigated
the impact of different induction durations, a gap that needs to be filled
by future research. One assumption is that it requires a minimum
duration of the induction phase, after which the illusion is present ac-
cording to an all-or-nothing principle. However, it is also possible that
the strength and the measurable effects of the illusion increase with
longer induction phases.

In several studies, RHI onset times were assessed, i.e., participants
were asked to indicate themselves when they first perceived a feeling of
ownership over the artificial hand (e.g., Ehrsson et al., 2004; Kalckert
and Ehrsson, 2017; Lane et al., 2017; Lev-Ari et al., 2015; Lira et al.,
2017; Lloyd, 2007; Niebauer et al., 2002; Wold et al., 2014). The re-
ported average onset times for the illusion, relative to the start of the
induction phase, vary from 10 (Ehrsson et al., 2004) to about 110 s
(Lane et al., 2017). This wide range of reported illusion onset times
between studies might well be caused by the exclusion/inclusion of
non-responders (i.e., participants who do not perceive the RHI at all;
see section 5.3). Studies reporting onset times of around 10 s usually
preselected participants and excluded non-responders (e.g., Ehrsson
et al., 2004; Kalckert and Ehrsson, 2017; Lloyd, 2007). When non-re-
sponders are included in the calculation of mean onset times, the re-
sulting value clearly depends on the maximal duration of the induction
phase (e.g., Lane et al., 2017). Moreover, naïve participants, experi-
encing the RHI for the first time, might be more reluctant with their
response and wait longer (i.e., until they are sure that the illusion will
not get stronger) than participants who are familiar with the RHI.

Although the approach to asses the time to experience the illusion
reveals important information regarding the subjective experience of
the RHI, the latter does not necessarily coincide with more implicit
measures as proprioceptive drift and skin conductance responses.
Especially for proprioceptive drift, considerably shorter durations of
induction have been shown to be effective (Holmes and Spence, 2005,
2006).

4. Quantification of RHI effects

In order to quantify the RHI effects, various techniques have been
developed and studies differ in the extent to which they make use of

these techniques. Amongst these assessment techniques are (i) retro-
spective self-reports regarding the phenomenal experience during the
induction phase, (ii) proprioceptive drift of the own hand towards the
artificial hand, (iii) physiological responses and other techniques. In
this section we will discuss how the results in RHI studies can depend
on the chosen measure to assess the effects.

4.1. RHI questionnaires

A widely used strategy to quantify the strength of the RHI is to as-
sess retrospective judgments regarding the participants’ experience
during the induction phase. RHI questionnaires usually consist of target
items, targeting the perceived sense of embodiment and/or agency over
the artificial hand, and control items, which are related to other ex-
periences (see Longo et al., 2008b, for an extensive analysis of RHI
questionnaire items). Agreement to RHI statements is usually given on
Likert scale consisting of 7 or 10 levels. While the number of levels
might be less relevant, it is an important difference whether the scale
range covers only positive numbers (e.g., from 1 to 7; Heed et al., 2011;
Riemer et al., 2013; Slater et al., 2008) or extends to negative numbers
(e.g., from –3 to 3; Holmes et al., 2006; Kammers et al., 2011; Rohde
et al., 2011). The zero level can easily be interpreted as the “neutral”
response and function as an anchor for the participants’ judgments. This
does not interfere with the conclusions drawn within a given study, but
it complicates the comparison between studies using different scales.
Even if identical labels are attached to the scale (e.g., “strongly agree”,
“neither agree nor disagree” and “strongly disagree”), a value of 4
judged on a 1 to 7 scale might not be the same as a value of 0 judged on
a –3 to 3 scale.

Another often neglected issue with RHI questionnaires relates to the
comparability between items targeting the sense of ownership vs. the
sense of agency. Ideally, they should be analogous, but often there is a
very fundamental difference between ownership items (e.g., “it felt as if
the artificial hand was my hand”) and agency items (e.g., “it felt as if I
caused the movements I saw at the artificial hand”), namely that the
ownership statement refers to an obviously illusory experience, i.e.,
participants know that the artificial hand does not really belong to their
body and that it just feels as if, while the agency statement refers to an
objectively true fact: Participants indeed did cause the movements of
the artificial hand. This might, for example, explain why the sense of
agency was sometimes found to be independent from an anatomically
plausible posture, while the sense of ownership vanishes for unplausible
hand postures (Kalckert and Ehrsson, 2012, 2014b; Marotta et al.,
2017): It simply is true, for the unplausible as well as for the plausible
posture, that the participants are controlling the movements of the
artificial hand.

It also explains differences in agency ratings between studies using
statements referring to something objectively true (e.g., “I felt as if I
was controlling the movements of the artificial hand” in Kalckert and
Ehrsson, 2012) vs. statements referring to something objectively false
(e.g., “it seemed like I could grab something with the artificial hand” in
Riemer et al., 2014).

4.2. Proprioceptive drift

Proprioceptive drift, i.e., an illusory shift of the felt location of the
own hand towards the artificial hand, can be assessed via perceptual
and motor responses. The distinction between perceptual and motor
responses are closely related to the distinction between the concepts of
body image and body schema (Gallagher, 2005; Head and Holmes,
1911; Kammers et al., 2009a, b; Paillard, 1999; Riemer et al., 2013).
According to Gallagher (2005), the body image consists in a set of
conscious perceptions and attitudes towards the own body, while the
body schema is defined as an implicit reference for the execution and
guidance of spontaneous movements. This dissociation is based on and
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supported by clinical case reports (Buxbaum and Coslett, 2001; Head
and Holmes, 1911; Paillard, 1999) and observations in healthy parti-
cipants (Cardinali et al., 2011; Kammers et al., 2009a, 2006; Riemer
et al., 2013). Within the scope of the RHI, effects on body image and
body schema have been differentiated by the implementation of per-
ceptual vs. motor tasks to determine the perceived location of the own
hand (Kammers et al., 2009a, b; Kammers et al., 2006; Riemer et al.,
2013).

With respect to perceptual responses, four main techniques can be
differentiated (Fig. 4A-D)6 . First, the ruler technique, where a ruler is
placed above the participants’ unseen own hand. Participants are asked
to verbally indicate the number which is directly above their own index
finger (e.g., Riemer et al., 2015; Tsakiris and Haggard, 2005; Zopf et al.,
2010). Second, the sliding marker technique, where a visual marker
slowly moves along a straight line, perpendicular to the participants’
unseen own hand. Participants are asked to verbally indicate, when the
marker is directly in front of their own index finger (e.g., Kammers
et al., 2009a; Smit et al., 2017). Third, the static marker technique,
where a series of single marker points are presented in slightly varying
locations above the participants’ unseen own hand. Participants are
asked to indicate for each single marker point, whether it is left or right
of their own index finger (e.g., Riemer et al., 2013, 2014; Rohde et al.,
2011). In a fourth technique, participants navigate the cursor of a
computer mouse (projected onto a nontransparent surface above their
own hand) to indicate the location of their own hand (e.g., Riemer
et al., 2019; Samad et al., 2015). In addition to proprioceptive drift
along the lateral axis, this procedure also enables the assessment of
proprioceptive drift along the in-depth axis (Riemer et al., 2019).

Motor responses usually consist in ballistic pointing or grasping
movements either with the contralateral towards the felt location of the
ipsilateral hand (Fig. 4E; e.g., Abdulkarim and Ehrsson, 2016; Fuchs
et al., 2016; Kalckert and Ehrsson, 2014b; Kammers et al., 2009a;
Riemer et al., 2013), or with the ipsilateral hand towards an external
target (Fig. 4F; e.g., Heed et al., 2011; Holmes et al., 2006; Kammers
et al., 2009b; Newport et al., 2010; Zopf et al., 2011). In the first case,
the perceived position of the unseen own hand is directly reflected in
the indicated position, and in the second case, it can be inferred on the
basis of systematic reaching errors.

In addition to the acknowledged differences between the basic ca-
tegories of perceptual and motor responses (Kammers et al., 2009a, b;

Riemer et al., 2013), there might also be differences between the var-
ious techniques within each of these categories. For example, there
currently is an inconsistency in the scientific literature as to whether
proprioceptive drift is correlated with ownership ratings (Rohde et al.,
2011). However, taking into account the different techniques to assess
proprioceptive drift reveals that studies reporting a correlation between
proprioceptive drift and ownership ratings used pointing movements
with the contralateral towards the ipsilateral hand (Bertamini and
O’Sullivan, 2014; Botvinick and Cohen, 1998; Kalckert and Ehrsson,
2012, 2014a; static condition of experiment 2 in Abdulkarim and
Ehrsson, 20167), while studies employing different techniques did not
find such a correlation (Holle et al., 2011; Holmes et al., 2006; Riemer
et al., 2015, 2019; Rohde et al., 2011)8 . Thus, the body representation
underlying subjective ownership ratings seems to be similar to that
which is accessed when the ipsilateral hand is the target of a ballistic
pointing movement, while other behaviours seem to be based on dif-
ferent representations.

It is also important to consider the phrasing of task instructions.
Tamè et al. (2018) pointed out that, while RHI questionnaire items
almost always use an it-feels-as-if phrasing (cf. section 4.1), the in-
structions regarding proprioceptive drift are more variable between
studies. In some studies, participants were asked to indicate where their
index finger was (e.g., Tsakiris and Haggard, 2005), while in other stu-
dies they were asked where they felt it to be (e.g., Longo et al., 2008a). By
directly comparing these different phrasings, Tamè et al. (2018) could
show that the difference of proprioceptive drift between synchronous
and asynchronous stroking conditions was not affected, but that the
overall measured drift was considerably larger when participants in-
dicated their feeling rather than their belief. However, it should be
noted that Tamè et al. (2019) used a within-subjects design, and the
explicit announcement of both task settings (subjective experience vs.
objective beliefs) might well have led their participants to conclude that
they should respond differently to the different phrasing types.

Fig. 4. Assessment methods for proprioceptive
drift, discussed in section 4.2. (A) The partici-
pant names the number on a ruler that is per-
ceived as directly above the own index finger,
hidden under an occluding board. (B) A visual
marker moves along the horizontal axis and
the participant indicates when it has reached
the position above the own index finger. (C)
Visual markers are presented in randomized
locations above the own hand and the partici-
pant indicates whether each marker is pre-
sented to the right or to the left of the own
index finger. (D) The participant moves a
projected mouse cursor to the position above
the own index finger. (E) The participant
points with the non-affected hand to the per-
ceived position of the index finger of the af-
fected hand (pointing movements can also be
performed from under the table, e.g., Botvinick
and Cohen, 1998), or (F) uses the affected hand
to grasp or point towards an visible external
object.

6 Detailed descriptions of the single techniques are beyond the scope of this
paper. We therefore refer to the mentioned exemplary studies.

7 In other experimental conditions, Abdulkarim and Ehrsson (2016) system-
atically implemented movements of the own hand, resulting in a reduction of
synchrony-induced proprioceptive drift, which makes it difficult to interpret the
(non-significant) correlations with ownership ratings.

8 Asai et al. (2011) reported a correlation between RHI ratings and proprio-
ceptive drift assessed with the ruler technique, but they averaged over all
questionnaire items, including mainly items targeting perceived movement
instead of perceived ownership (cf. Longo et al., 2008b). For the problem of
differentiating between “illusion” and “control” items see section 5.2.
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4.3. Physiological responses and other techniques

Various other methods to quantify RHI effects have been employed.
In several studies, increased skin conductance responses were measured
after a threat directed towards the artificial hand9, e.g., by forcibly
bending back a finger (Armel and Ramachandran, 2003), by making
brisk stabbing movements with a sharp object (Ehrsson et al., 2007;
Ocklenburg et al., 2011; Reinersmann et al., 2013), or by actually
stabbing the artificial hand (Ehrsson et al., 2008; Ma and Hommel,
2013; Tieri et al., 2015). In other studies, the skin temperature (Hohwy
and Paton, 2010; Kammers et al., 2011; Moseley et al., 2008; Rohde
et al., 2013; van Stralen et al., 2014) or histamine reactivity (Barnsley
et al., 2011) of the own hand was measured as an indicator of an il-
lusory disembodiment of the own hand during the RHI. However, while
Moseley et al. (2008), who were the first to report a temperature drop
in the RHI, replicated this effect within their series of experiments, most
other studies reported less consistent results (Hohwy and Paton, 2010;
van Stralen et al., 2014) and suggested that the temperature drop de-
pends on factors such as the exact type of stroking (van Stralen et al.,
2014) or even on factors previously considered as irrelevant for the RHI
itself, e.g., the presence of another person and/or the pressure of tactile
stimuli (Rohde et al., 2013). A recent study reports a lack of re-
producability and sheds serious doubt on the validity of the cooling-
effect (de Haan et al., 2017). Finally, della Gatta et al. (2016) showed
that the embodiment of an artificial hand coincides with a reduced
excitability of the corresponding hand area in the primary motor cortex
(M1). However, also in this case, another study failed to replicate this
finding (Karabanov et al., 2017), and Isayama et al. (2019) did not find
a difference in afferent inhibitory responses between synchronous and
asynchronous stroking conditions.

Another approach consists in the analysis of the kinematic char-
acteristics of goal-directed movements performed after the RHI is in-
duced. For example, Kammers et al. (2010) used artificial hands with
different grip apertures (distance between thumb and index finger) and
measured whether their participants adapted their own unseen grip
aperture accordingly when grasping an object (see also Heed et al.,
2011). In another study, Kammers et al., 2009a analysed the duration
and the velocity of pointing movements. Other methods comprise the
analysis of crossmodal congruency effects (Pavani et al., 2000; Zopf
et al., 2010) and temporal order judgments (Azañón and Soto-Faraco,
2007). However, due to the small number of studies using these tech-
niques, it remains difficult to judge to which extent they reflect effects
also found with more common measurement methods or actually
highlight additional facets of the RHI.

5. Experimental design and data analysis

Even assuming a similar experimental set-up, a comparable induc-
tion method and an equivalent quantification technique for the same
dependent variable, RHI studies often differ in their employed baseline
measures and control conditions against which the effects are refer-
enced. Furthermore, different exclusion/inclusion criteria are applied
to define the investigated sample. These differences are considered in
the present section. We will discuss (i) the choice of an appropriate
control condition, (ii) the choice of appropriate control items in RHI
questionnaires, and (iii) the application of exclusion criteria and
handling of “nonresponders”.

5.1. Choice of control conditions

The choice of an adequate control condition is elementary to the
experimental design (Fig. 5). Generally, the goal is to keep all factors
between experimental and control conditions constant apart from one
experimental factor. In the case of the RHI the aim is to manipulate the
factor embodiment such that the artificial hand is embodied in the
experimental condition but not in the control condition. Botvinick and
Cohen (1998) introduced the commonly used control condition of
asynchronous tactile stimulation. The asynchronous condition is ele-
gant as it keeps the visual and the tactile stimulation applied to the
artificial hand identical to the synchronous condition and only varies
the timing of the tactile input to the hidden real hand. However, it
should be noted that the asynchronous condition might be doing more
than merely not leading to embodiment, because it generates incon-
gruency of visuotactile input (Valenzuela Moguillansky et al., 2013),
which can induce different illusory sensations and feelings of dis-
comfort. In some studies, incongruency between felt and seen move-
ments has been reported as unpleasant or associated with illusory
sensations on the skin or distortions in body perception (Foell et al.,
2013; McCabe et al., 2005).

Some studies have also shown systematic effects of the asynchro-
nous condition compared to alternative control conditions. Rohde et al.
(2011) oberserved weaker proprioceptive drift in the asynchronous
condition compared to a condition using just a visual presentation of a
hand without tactile stimuli and argued that the asynchronous condi-
tion actively prevents embodiment. Fuchs et al. (2016) compared both
the synchronous and the asychronous condition to a condition without
an artificial hand and observed that in the asynchronous condition both
ownership ratings and proprioceptive drift increased over time. Effects
of the asynchronous condition on proprioceptive drift (compared to a
pretest baseline assessment) have also been reported (e.g., Riemer et al.,
2014). Notably, some studies also found a negative drift after asyn-
chronous stimulation, i.e., away from the artificial hand compared to a
pretest (Kalckert and Ehrsson, 2014b, 2014a; Riemer et al., 2013).

In addition, it can be pointed out that there is a high variability in
the participants’ reactions to the asynchronous condition. In some RHI
studies, the asynchronous condition has lead to relatively high ratings
of perceived ownership as well, at least for some participants (e.g.,
Costantini et al., 2016; Fuchs et al., 2016; Valenzuela Moguillansky
et al., 2013). Recently, Costantini et al. (2016) showed that responding
to the asynchronous condition is associated with a wider temporal
binding window for visuotactile stimuli, giving a partial explanation for
embodiment despite asynchronous stimulation (see section 3.2).

Furthermore, other control conditions have been used that prevent
or reduce perceived ownership, for example substituting the artificial
hand with non-corporeal objects such as wooden blocks (e.g., Tsakiris
et al., 2010b) or cardboard boxes (Hohwy and Paton, 2010). Other
studies have used hands in anatomically implausible or impossible
postures, for example rotated by 180 ° (e.g., Ehrsson et al., 2004). Hand
similarity and anatomical plausibility has often been considered as a
prerequisite for embodiment according to the idea that a hand or non-
hand object is compared to an internal body model and multisensory
integration only occurs with objects matching the body model (Tsakiris,
2010). It should be noted, however, that this idea is under debate and
that it is possible that mere bottom-up sensory correlation can be suf-
ficient to induce embodiment of non-corporeal objects at least under
certain conditions (for a discussion see Kilteni et al., 2015; Litwin,
2018). For example, Guterstam et al. (2013) reported that the artificial
hand (whether anatomically plausible or not) does not have to be
visible at all to induce a feeling of ownership (in this special case over a
discrete volume of empty space).

Taken together, the asynchronous control condition, although ele-
gantly keeping visuotactile stimulation constant and reliably leading to
lower levels of ownership, might at least in some participants cause
effects that are not yet sufficiently understood. Other control conditions

9 It should be noted that increased skin conductance responses have also been
reported for non-aversive stimuli (Ferri et al., 2013) and for aversive stimuli not
specifically directed towards the artificial hand (Riemer et al., 2015), sug-
gesting that the RHI generally induces a state of increased physiological
arousal.
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that present synchronous stimulation to non-hand objects or hands in
unplausible postures are alternatives but are also under debate because
it is not warranted that they do not lead to embodiment of the object.
Hence, there does not seem to be a perfect control condition in the RHI.
Some studies have included several additional control conditions, for
example, presentation of a hand without applying tactile stimuli (Rohde
et al., 2011) or not presenting a hand at all (Fuchs et al., 2016). The use
of several control conditions allows quantifying effects of both the
synchronous and the asynchronous condition separately which can in-
crease our understanding of the effects of synchrony in the RHI.

5.2. Control items in RHI questionnaires

Botvinick and Cohen (1998) introduced a set of nine questionnaire
items, assessing various phenomenological aspects of the RHI (see
section 4.1) but they stated that only three of them capture the phe-
nomena they had predicted, i.e., referral of felt touch to the artificial
hand, and body ownership. Many studies have adapted (and extended)
this original questionnaire, but whether and how the single items were
grouped and analysed is extremely inconsistent. In some studies, items
were divided into target and control items, the latter of which are ar-
gued to be unspecific or even to assess suggestibility (e.g., Bekrater-
Bodmann et al., 2014; Ehrsson et al., 2005), while in other studies an
average score was computed over all items irrespective of whether they
are usually classified as target or control items (e.g., Asai et al., 2011).
Most studies, however, computed RHI scores (the average of target
items) and control item scores both for the synchronous and the asyn-
chronous condition (Ehrsson et al., 2004, 2008; Preston, 2013; Suzuki
et al., 2013). The classification into target and control items slightly
varies between studies. For example, Botvinick and Cohen (1998) de-
fined three items as relevant, Preston (2013) used four items to calclate
an illusion score, and Ehrsson et al. (2004) used two. Other studies have
created subsets of items and aggregated them to reflect certain cate-
gories, for example, body ownership, agency, and control (e.g., Kalckert
and Ehrsson, 2012; Riemer et al., 2014) or ownership, location and
control/compliance (Walsh et al., 2015).

It is remarkable that the use of control items has become common
practice although empirical support justifying this practice is lacking.
There is neither a psychometric examination of whether the “control
items” are adequate to assess suggestibility nor of whether they are
indeed unspecific. To the contrary, Longo et al. (2008b) qualitatively
analysed free reports in five pilot participants and generated an item
pool of 27 items that were applied in a large sample (N = 130) and
subsequently fed into a principal component analysis to detect the di-
mensionality of the questionnaire data. This analysis showed that even
allegedly unspecific items (e.g., “the rubber hand began to resemble my
own hand”; Botvinick and Cohen, 1998) were actually strongly

correlated with the factor “embodiment” and are therefore not un-
specific (Longo et al., 2008b). Hence, subtracting these items from
“embodiment” items might also subtract meaningful variance (e.g.,
Radziun and Ehrsson, 2018).

Since the study by Longo et al. (2008b), many “hybrid” ques-
tionnaires have been used that combine items from this study and
Botvinick and Cohen (1998). Some studies choose a large selection from
Longo et al. (2008) in order to represent their principal components
(e.g., Ferri et al., 2013), while others choose specific items to represent
certain categories of interest, for example, embodiment and dis-
embodiment (Lane et al., 2017).

In conclusion, there is great variation in terms of the chosen ques-
tionnaire items to assess the subjective experience of the RHI. One study
hardly resembles the other. On the other hand, certain items clearly
targeting body ownership (e.g., “it seemed like the rubber hand was my
hand”) have been used in almost every study. When comparing results
from RHI studies, the choice of questionnaire items and aggregation
level needs to be carefully considered.

5.3. Sampling biases and exclusion of “nonresponders”

Not every person is susceptible to the RHI and almost every study
includes “nonresponders”, i.e., participants whose judgments (verbally
and/or indirect via proprioceptive drift) are not influenced by the
synchrony of stimulation. For example, Ehrsson et al. (2004) reported a
rate of 28% (7 out of 25) nonresponders among their healthy partici-
pants and Kalckert and Ehrsson (2014a) a rate of 23% (9 of 40). It has
not been clarified why some people respond to the RHI whereas others
do not. Some studies have tried to explain this variance using person-
ality traits, such as empathy and schizotypy (Asai et al., 2011), sensory
suggestibility (Marotta et al., 2016; Walsh et al., 2015), bodily aware-
ness (David et al., 2014) and differences in multisensory integration
mechanisms (Costantini et al., 2016), but found only weak correlations
with phenomenological self-reports in the RHI.

Despite this being an interesting question in itself, the rate of non-
responders between studies and the method to deal with this issue
impacts their comparability. In most studies, nonresponders were not
excluded and analyses have to be carried out with caution to the
skewedness of the distributions, as low rating values tend to be over-
represented. In several studies, however, nonresponders were removed
based on questionnaire cut-off criteria (Durgin et al., 2007; Wold et al.,
2014). Ehrsson et al. (2004) conducted a pre-test to select participants
before their testing session and did not invite participants that have
been found to be unsusceptible to the RHI. A similar strategy was used
by Trojan et al. (2018) who selected participants based on a criterion of
sufficient difference in ownership ratings between synchronous and
asynchronous stroking. In spite of the importance of these selection

Fig. 5. Control conditions in the RHI, discussed in section 5.1. (A) Tactile stimuli at the own and the artificial hand are applied in temporal asynchrony. (B) Tactile
stimuli are applied synchronously to the own hand and to a non-corporeal object. (C) The artificial hand is positioned in an anatomically implausible posture. (D) The
artificial hand is presented in the absence of any stimulation. (E) Neither artificial hand nor object is presented, and no stimuli are delivered.
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procedures, most often these crucial exclusion criteria are only briefly
mentioned without further consideration when the results are com-
pared to other studies.

To conclude, although the exclusion of nonresponders can be –
depending on the research question – a valid approach, it highly in-
fluences the results and impairs their comparability to studies applying
no such exclusion criteria. It should also be noted that a classification of
participants into responders and nonresponders is usually based on
phenomenological self-reports and not on behavioural measures as
proprioceptive drift. Given the relatively low correlation between these
measures (see section 4.2) it is possible that participants classified as
nonresponders based on questionnaire data nonetheless react to the RHI
on a different measure.

6. Conclusions

In the present article, we discussed differences between studies on
the RHI, which are related to the experimental set-up, the method used
to induce the illusion, the quantification of effects, the design of the
study and approaches for data preprocessing. Many of these differences
impede a direct comparison between studies and are crucial to under-
stand apparent inconsistencies in the scientific literature. Of course, a
comparison between different studies using the RHI paradigm is ne-
cessary, and therefore it is important to be aware of the various aspects
which might differ between studies and about the potential impact
these differences might bear on the observed results. Based on the re-
viewed literature, we summarize a few recommendations for the im-
plementation of future studies as well as for the interpretation of past
studies.

First, it is important to take into account the spatial arrangement
and the type of the artificial hand (i.e., prosthetic, mirrored, video-re-
corded or virtual), because these factors can differ in the degree to
which top-down processes are evoked. Especially for the research on
body representations and the sense of ownership over body-extraneous
objects, it is essential to consider our prior knowledge about bodies,
mirrors and video images. Video-recorded and mirrored own hands are
conceptually different from prosthetic hands or other unequivocally
body-extraneous objects, and it should be expected that they result in
much higher embodiment scores.

Second, various factors during the induction phase can influence the
magnitude of the observed effects. While some of them are quite pro-
minent and are widely acknowledged as leading to different effects
(e.g., whether the RHI is induced via passive tactile stimulation or via
active movements), others are more subtle and their impact on the
results is less clear (e.g., the duration of the induction phase, the type
and number of involved fingers, and the implementation of temporal
synchrony/asynchrony).

Third, the common measure of proprioceptive drift can be quanti-
fied by means of very different techniques, some of which are more and
some less prone to reflect specific aspects of the RHI. Even within the
category of motor responses, pointing towards the own hand (on which
the illusion is induced) and pointing with it seems to have different
effects regarding the correlation between proprioceptive drift and
perceived ownership.

Fourth, it is rather the rule than an exception that RHI data are
analysed very differently between studies. Questionnaire ratings
sometimes refer to an average of all items without differentiation be-
tween control and target items (e.g., Asai et al., 2011), and sometimes
they refer only to items loading on the factor body ownership (Longo
et al., 2008b), which in turn are sometimes referenced against control
items (e.g., Ehrsson et al., 2005) and sometimes stand for themselves
(e.g., Palomo et al., 2018). Furthermore, in some studies nonresponders
were removed before the data were analysed (e.g., Wold et al., 2014),
whereas in others the complete set of participants entered the analysis.

All these differences explain the great variability in the results found
between RHI studies. For a thorough integration of the knowledge

gathered in the scientific literature, an important basis is to be aware of
the various differences between studies and of the impact they might
have on the results.
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