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Abstract 

Advanced upper limb prostheses aim to restore coordinated hand and arm function. However, this objective can be 
difficult to quantify as coordinated movements require an intact visuomotor system. Eye tracking has recently been 
applied to study the visuomotor behaviours of upper limb prosthesis users by enabling the calculation of eye move-
ment metrics. This scoping review aims to characterize the visuomotor behaviours of upper limb prosthesis users as 
described by eye tracking metrics, to summarize the eye tracking metrics used to describe prosthetic behaviour, and 
to identify gaps in the literature and potential areas for future research. A review of the literature was performed to 
identify articles that reported eye tracking metrics to evaluate the visual behaviours of individuals using an upper limb 
prosthesis. Data on the level of amputation, type of prosthetic device, type of eye tracker, primary eye metrics, sec-
ondary outcome metrics, experimental task, aims, and key findings were extracted. Seventeen studies were included 
in this scoping review. A consistently reported finding is that prosthesis users have a characteristic visuomotor behav-
iour that differs from that of individuals with intact arm function. Visual attention has been reported to be directed 
more towards the hand and less towards the target during object manipulation tasks. A gaze switching strategy and 
delay to disengage gaze from the current target has also been reported. Differences in the type of prosthetic device 
and experimental task have revealed some distinct gaze behaviours. Control factors have been shown to be related 
to gaze behaviour, while sensory feedback and training interventions have been demonstrated to reduce the visual 
attention associated with prosthesis use. Eye tracking metrics have also been used to assess the cognitive load and 
sense of agency of prosthesis users. Overall, there is evidence that eye tracking is an effective tool to quantitatively 
assess the visuomotor behaviour of prosthesis users and the recorded eye metrics are sensitive to change in response 
to various factors. Additional studies are needed to validate the eye metrics used to assess cognitive load and sense of 
agency in upper limb prosthesis users.
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Introduction
The goal of advanced upper limb prostheses is to restore 
the highly dexterous and complex capacities of the 
human hand. Vision is among one of the most important 
senses in controlling the hand during object interaction 
[1]. Both individuals with an anatomical hand [2] and 
prosthetic hand [3] use vison to preplan movements by 
gathering information about the external environment. 
Visual fixations are directed at areas of interest prior 
to generating a motor command. As such, visuomotor 
coordination is required to achieve coordinated hand 
and arm function. Prosthesis users have an additional 
requirement to visually monitor the prosthesis, given the 
lack of feedback sensations that are typically provided by 
the anatomical hand. Novel prosthetic interventions are 
developed to facilitate increased functionality, while also 
minimizing the attentional demand associated with oper-
ating these devices. However, attentional demand can 
be difficult to quantify. When the gaze is focussed on a 
target of interest, information is processed through the 
fovea with high visual acuity [4]. Generally, the direction 
of gaze corresponds with the location of overt attention, 
however, does not consider covert attention that is pro-
cessed through the peripheral vision [4]. Nevertheless, 
this principle has enabled researchers to use eye move-
ment behaviours to measure the allocation of overt visual 
attention and provide insights into movement planning. 
Indeed, it wasn’t until recently that eye tracking research 
has become popular as a diagnostic tool aimed at meas-
uring visual attention [5].

Eye tracking is a technology used to record eye move-
ments to provide objective and unbiased insights into 
human gaze behaviour [6]. Modern video-based eye 
trackers use digital cameras to capture a series of images 
of the eyes. Different approaches have been employed to 
detect the pupil location in order to calculate the point at 
which the eyes are fixated [7]. By quantifying the timing 
and location of visual fixations, the coordination between 
eye and hand movements can be studied under different 
conditions to reveal important aspects of object inter-
action [2]. With the anatomical limb, the eyes precede 
the actions of the hands to provide movement planning 
information to successfully reach and grasp for target 
objects [8–11]. Eye tracking has been applied to iden-
tify biomarkers for cognitive impairment, as well as to 
track treatment progress in clinical populations such as 
autism spectrum disorder, schizophrenia, attention defi-
cit hyperactivity disorder, and fetal alcohol spectrum dis-
order [12]. More recently, eye tracking has been utilized 
to evaluate the visuomotor behaviours of upper limb 
prosthesis users. Research in this area has further con-
tributed to our understanding of human–machine inter-
action with prosthetic devices and provides a new way 

of potentially quantifying the usability of these devices. 
Currently, there is an absence of any review of eye track-
ing metrics within the upper limb prosthetic population. 
Therefore, with this growing body of literature surround-
ing the visuomotor behaviours of prosthesis users, there 
is an emergent need for a review of the literature.

A scoping review was designed to answer the question: 
what is known about the visuomotor behaviour of upper 
limb prosthesis users and which eye metrics have been 
used to evaluate prosthesis use? The aim of this scop-
ing review was to identify the literature on the use of eye 
tracking to evaluate the behaviour of individuals using 
an upper limb prosthesis. In doing so, visual behaviours 
of prosthesis users were summarized, as well as the eye 
metrics used to describe these behaviours. Additionally, 
the literature search uncovered novel eye metrics beyond 
eye-hand coordination that show promise in assessing 
other features of prosthetic behaviour. This review paper 
serves to provide an understanding of how eye tracking 
metrics have been used to date in upper limb prosthetics 
research and to guide future research.

Methods
A scoping review protocol was published on the Univer-
sity of Alberta Education and Research Archive website 
detailing the methods for this scoping review [13]. The 
specific aims of this scoping review were: (i) to charac-
terize the visuomotor behaviours of upper limb pros-
thesis users reported in the literature that have utilized 
eye tracking technology, (ii) to summarize the eye track-
ing metrics and variables commonly used to describe 
behaviours when manipulating a prosthetic hand, and 
(iii) to identify gaps in the literature and potential areas 
for future research. Five online databases: Medline, 
Embase, PsycInfo, ProQuest, and Google Scholar were 
searched for relevant academic literature published from 
the dates of their inception until December 1, 2021. The 
search strategy consisted of terms related to (i) upper 
limb amputation and prostheses and (ii) assessment of 
visuomotor behaviour using eye tracking technology. 
An example of the complete search strategy for Medline 
is included in the Appendix of the published protocol. 
Reporting for this scoping review follows the recommen-
dations as outlined by the PRISMA-ScR statement and 
checklist [14].

Inclusion criteria were peer-reviewed journal articles 
in which (i) individuals with an upper limb amputation 
used a prosthesis or individuals with intact arm function 
used a simulated upper limb prosthesis, (ii) to accom-
plish an experimental task, (iii) while eye tracking data 
were collected. Conference papers and dissertations were 
included, however literature was excluded if the work 
was preliminary and later published in a peer-reviewed 
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format, or if there were insufficient details to extract the 
required data. Literature reviews were excluded, as these 
were found to be summaries of included original papers 
on other topics, and no review papers were found on this 
review topic. Studies were excluded if eye tracking was 
not used as an outcome metric to describe visual behav-
iour, but rather for control in computer vision. Research 
on lower limb amputation or prosthesis use, and non-
English articles were also excluded.

Title and abstract screening was performed indepen-
dently by two reviewers (KC and MR). Although lit-
erature reviews were excluded from this scoping review, 
the reference list of two identified review papers were 
manually searched for relevant literature. This process 
was to ensure that the original literature was included 
in the review process. In addition, the following manual 
searches were conducted in Google Scholar: (i) upper 
limb prosthesis eye-tracking thesis, (ii) visuomotor con-
trol upper limb prosthesis, (iii) cognitive workload arti-
ficial limb, (iv) eye tracking artificial limb. All relevant 
literature was then selected for screening. Two review-
ers (KC and MR) completed a full-text review to assess 
the eligibility of all retained literature. Any conflicts were 
resolved in consultation with the third reviewer (JH).

Data on the level of amputation, type of prosthetic 
device, type of eye tracker, primary eye metrics, second-
ary outcome metrics, experimental task, aims, and key 
findings were extracted to understand the ways in which 

eye tracking has been used to evaluate upper limb pros-
thesis use. Only data pertinent to the research question 
of this scoping review were reported in the results. Key 
themes from the literature were identified by grouping 
together common research goals and experimental meth-
ods. Subtopics were subsequently described as related to 
the overarching theme.

Results
Selection of sources of evidence
A database search in Medline, Embase, PsycInfo, Pro-
Quest and Google Scholar produced a total of 204 arti-
cles. 65 duplicates were removed, resulting in 139 articles 
for further screening. After a title and abstract screen-
ing, 81 articles were excluded, and a full-text review was 
conducted on the remaining 58 articles. One article was 
added manually after reviewing the full text of identi-
fied literature. Once the articles were assessed for eligi-
bility, a total of 17 studies were included in the review. 
The PRISMA diagram (Fig. 1) serves to illustrate this pro-
cess visually and it includes the details of the reasons for 
exclusion.

Characteristics of sources of evidence
Table 1 provides a summary of included study character-
istics. All studies quantitatively assessed the behaviour of 
participants using eye tracking technology. Ten studies 
consisted of a cross-sectional design [3, 15–23], 3 studies 

Fig. 1 PRISMA flow chart
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included a repeated-measures study design [21, 24, 25], 
2 were crossover studies [26, 27], and 4 were case stud-
ies [25, 28–30]. Of the included literature, 1 was a confer-
ence paper [23] and 2 were dissertations [16, 20].

Synthesis of results
Participant characteristics were diverse and are summa-
rized in Table 2. A total of 10 studies involved individu-
als with a limb difference, including 9 studies that tested 
individuals with transradial amputation [3, 16–19, 25, 26, 
29, 30], 3 with transhumeral amputation [3, 16, 28] and 
one with shoulder disarticulation [28]. Participants with 
an amputation had a myoelectric prosthesis in 8 studies 
[3, 17–19, 25, 28–30], while others had a body-powered 
prosthesis in 2 studies [3, 16]. Nine studies evaluated 
the visual behaviour of individuals with intact arm func-
tion. Of those, 7 studies had individuals perform tasks 
using a simulated myoelectric prosthesis [21–25, 27, 30]. 
The simulated device used myoelectric signals to con-
trol a terminal device that bypassed the anatomic hand. 
Alternatively, a simulated body-powered prosthesis was 
employed in one study [15] and a myoelectrically-con-
trolled virtual reality arm was used in another study [20] 
with participants who had intact arms. Figure 2 summa-
rizes the type of prosthetic device and level of amputa-
tion of participants.

Table  3 summarizes the experimental data collection 
methods. In general, object manipulation tasks were per-
formed with the prosthetic hand while eye tracking data 
were collected. Tasks involved the Southampton Hand 
Assessment Procedure (SHAP) [31], as well as tasks 
modified from the SHAP [21, 24, 25]. Other experimental 
tasks included a dual task activity [26, 27], a clothespin 
relocation task [22, 23, 29], a cylinder task [18, 19, 30], a 
cup transfer task [3, 16, 28], and a pasta box task [3, 16, 
28].

To characterize the visual behaviours of participants, 
several eye metrics were recorded and are summarized in 
Table 3. The direction of gaze was recorded to determine 
the location of overt visual attention [4]. Key areas of 
interest (AOI) were defined in each study that were rel-
evant to the specific task demands. Since areas unrelated 
to the goal of the task are rarely fixated [8–10], areas such 
as the hand, start location, end location and objects being 
manipulated were usually defined as AOIs. Eye met-
rics used to describe prosthetic visuomotor behaviour 
included both spatial and temporal information, such 
as when and where someone was looking. In the spatial 
domain, these metrics included the number of fixations, 
gaze sequence, duration of fixation, percent fixation 
and target locking strategy (TLS), and in the temporal 
domain, these metrics included eye latency measures. 

Table 1 General study characteristics of the included literature

References Study design Source of literature Population Number of participants

Bouwsema et al. (2012) [17] Cross-sectional study Journal article Upper limb amputation 6

Sobuh et al. (2014) [25] Repeated-measures study (Experiment 1)
Case study (Experiment 2)

Journal article Intact arm (Experiment 
1)
Upper limb amputation 
(Experiment 2)

7 (Experiment 1)
4 (Experiment 2)

Chadwell et al. (2016) [30] Case study Journal article Intact arm
Upper limb amputation

1
2

Zhang et al. (2016) [23] Cross-sectional study Conference paper Intact arm 20

Raveh et al. (2017) [27] Crossover study Journal article Intact arm 43

White et al. (2017) [22] Cross-sectional study Journal article Intact arm 20

Chadwell et al. (2018) [18] Cross-sectional study Journal article Intact arm
Upper limb amputation

20
20

Parr et al. (2018) [24] Repeated-measures study Journal article Intact arm 21

Raveh et al. (2018) [26] Crossover study Journal article Upper limb amputation 12

Bayani et al. (2019) [15] Cross-sectional study Journal article Intact arm 20

Boser et al. (2019) [16] Cross-sectional study Thesis Upper limb amputation 8

Hebert et al. (2019) [3] Cross-sectional study Journal article Intact arm
Upper limb amputation

16
8

Parr et al. (2019) [21] Cross-sectional study (Experiment 1)
Repeated-measures study (Experiment 2)

Journal article Intact arm 20 (Experiment 1)
24 (Experiment 2)

Zahabi et al. (2019) [29] Case study Journal article Upper limb amputation 1

Kaspersen et al. (2020) [20] Cross-sectional study Thesis Intact arm 6

Chadwell et al. (2021) [19] Cross-sectional study Journal article Upper limb amputation 20

Marasco et al. (2021) [28] Case study Journal article Upper limb amputation 2
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Figure 3 presents the distribution of eye metrics that are 
reported in the literature.

To describe the spatial allocation of gaze, the number 
of fixations referred to the frequency of visual fixations 

to defined AOIs and was used to indicate how often 
the gaze switched between the hand and the target to 
monitor the trajectory of the prosthetic hand [16, 17, 
19, 20, 25, 26, 30]. While the number of fixations only 

Table 2 Participant characteristics of the included literature

* Values are given as the mean, with or without the standard deviation, in years, with or without the range in parentheses
† These data are given as the median with the interquartile range
§ These data are given in hours per day

References Sex ratio (M:F) Age* Level of 
amputation

Type of prosthetic 
device

Number of 
years using a 
prosthesis*

Cause of 
amputation

Bouwsema et al. 
(2012) [17]

3:3 36 ± 18 (19 to 59) Transradial Myoelectric pros-
thesis

3.8 ± 2.3 (1 to 7) 
(calculated)

Accident (3), con-
genital (3), illness (1)

Sobuh et al. (2014) 
[25]

4:3 (Experiment 1)
3:1 (Experiment 2)

36 ± 10 (26 to 48) 
(Experiment 1)
49 ± 10 (35 to 56) 
(Experiment 2)

Transradial Myoelectric 
simulator prosthesis 
(Experiment 1)
Myoelectric 
prosthesis (Experi-
ment 2)

20 ± 13 (2 to 32) Not reported

Chadwell et al. 
(2016) [30]

1:0
2:0

21
(44 to 45)

Transradial Myoelectric simula-
tor prosthesis (1)
Myoelectric pros-
thesis (2)

(1.5 to 35) Congenital

Zhang et al. (2016) 
[23]

10:10 23.5 ± 2.36 N/A Myoelectric simula-
tor prosthesis

N/A N/A

Raveh et al. (2017) 
[27]

18:25 26 ± 6.6 N/A Myoelectric simula-
tor prosthesis

N/A N/A

White et al. (2017) 
[22]

10:10 23.5 ± 2.36 N/A Myoelectric simula-
tor prosthesis

N/A N/A

Chadwell et al. 
(2018) [18]

9:11
14:6

43 (23 to 61)
53 (18 to 75)

Transradial Myoelectric pros-
thesis

20 (1.5 to 39) Congenital (11), 
amputation (9)

Parr et al. (2018) 
[24]

13:8 25.3 ± 5.05 N/A Myoelectric simula-
tor prosthesis

N/A N/A

Raveh et al. (2018) 
[26]

11:1 65 ±  13† Transradial Myoelectric pros-
thesis

15.5 ±  6†§ Not reported

Bayani et al. (2019) 
[15]

10:10 24.7 ± 3.39 (18 
to 34)

N/A Body-powered 
simulator prosthesis

N/A N/A

Boser et al. (2019) 
[16]

7:1 (31 to 64) Transradial (5)
Transhumeral (3)

Body-powered 
prosthesis (8)

10.6 ± 4.3 (2 to 14) 
(calculated)

Not reported

Hebert et al. (2019) 
[3]

8:8
8:0

26 (18 to 43)
45 (30 to 64)

Transradial (5)
Transhumeral (3)

Body-powered 
prosthesis (6), 
myoelectric pros-
thesis (1), hybrid 
hand (1)

11 ± 3.4 (4 to 14) 
(calculated)

Not reported

Parr et al. (2019) 
[21]

12:8 (Experiment 1)
12:12 (Experiment 
2)

Experiment 1: 
25.3 ± 5.05
Experiment 2: 
24.4 ± 7.23

N/A Myoelectric simula-
tor prosthesis

N/A N/A

Zahabi et al. (2019) 
[29]

1:0 42 Transradial Myoelectric pros-
thesis

2 Accident

Kaspersen et al. 
(2020) [20]

3:3 26.8 ± 3.1 (23 to 32) N/A Myoelectric con-
trolled virtual reality 
arm

N/A N/A

Chadwell et al. 
(2021) [19]

14:6 53 (18 to 75) Transradial Myoelectric pros-
thesis

20 (1.5 to 39) Congenital (11), 
amputation (9)

Marasco et al. 
(2021) [28]

1:1 (38 to 40) Shoulder disarticu-
lation (1)
Transhumeral (1)

Myoelectric pros-
thesis with touch 
and kinesthetic 
feedback tactors

Not reported Not reported
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reported the frequency of fixations, gaze sequence pro-
vided additional information about the order of visual 
fixations to AOIs in addition to the location, and dem-
onstrated the pattern in which visual fixations occurred 
throughout each trial [25]. Fixation duration referred 
to the absolute time in seconds that the gaze fixated 
onto an AOI [20]. This metric is useful in comparing 
the absolute amount of attention towards an AOI dur-
ing fixed time trials. However, for trials that are vari-
able in length, percent fixation was generally used as a 
preferred metric to compare the relative allocation of 
visual attention to the hand and target areas. Percent 
fixation was defined as the amount of each phase that 
was spent fixating a given AOI and was represented as 
a percentage of each phase [3, 15–19, 24–28, 30]. Addi-
tionally, TLS was the difference between the percentage 
of time spent fixating the target and the hand [21, 24]. 
Using this metric, a more positive value reflected more 
time spent fixating the target, whereas a more negative 
value indicated more time spent fixating the hand [21, 
24]. A score close to zero represented a gaze switching 

strategy, in which equal amounts of time were spent fix-
ating the target and the hand [21, 24]. Together, these 
metrics provide a detailed description of the efficiency 
of gaze control and where upper limb prosthesis users 
predominantly focus their attention.

To describe the temporal relationship between eye and 
hand movements, eye latency measures were defined as 
the time in seconds that the eyes precede or follow the 
movement of the hand [3, 16, 21, 24]. Eye arrival latency 
described the timing in which the eyes fixated the tar-
get location before the arrival of the hand [2]. Eye leav-
ing latency referred to the timing to disengage gaze from 
the target of interest [2]. Note that Parr et  al. [21, 24] 
described the same metric which they referred to as gaze 
shifting. A negative time indicated that the eyes were 
ahead of the hand, while a positive time reflected the time 
in which the eyes lagged behind the hand. This metric is 
useful in understanding human–machine interactions, as 
it uncovers the temporal dynamics between the location 
of visual attention and the location of the prosthetic hand 
and objects.

Fig. 2 Type of prosthetic device and level of amputation of participants
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 p
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 p
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l t
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e 

le
ft

 h
an

d 
to

 to
gg

le
 a

rr
ow

 
ke

ys
 to

 n
av

ig
at

e 
a 

vi
rt

ua
l 

ca
r w

hi
le

 g
ra

sp
in

g 
ac

tiv
iti

es
 

w
er

e 
pe

rf
or

m
ed

 w
ith

 th
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at
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 p
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 d
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 b
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 m
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 d
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 b
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 b
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 b
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 p
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at
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 p
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e 
m

is
m

at
ch

ed
 g

ro
up

, g
az

e 
fix

a-
tio

ns
 w
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 m
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 p
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s. 

W
ith

 m
at

ch
ed

 
ac

tio
n 

ob
se

rv
at

io
n,

 th
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 p
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ra
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 c
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, p
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 p
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 p
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 c
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t p
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r m
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 p
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at
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t p
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e 

ab
ili

ty
 to

 lo
ok

 a
he

ad
 to

 th
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 s
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 c
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 p

ro
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ra
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ra
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 c
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 c
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: p
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r t
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 p
er

fo
rm

ed
 w

ith
 th

e 
an

at
om

ic
 h

an
d 
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 o
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 b

oa
rd

. 
A

 te
a 

m
ak

in
g 

ta
sk

 in
vo

lv
ed

 
pl

ac
in

g 
a 

m
ug

 o
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en

 s
tir

-
rin

g 
co

nt
en

ts
 w

ith
 a

 s
po

on

W
ith

 th
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 p
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 d
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at
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an
sf

er
re

d 
to

 a
 m

or
e 

co
m

pl
ex

 te
a-

m
ak

in
g 

ta
sk

. T
ar

ge
t l

oc
ki

ng
 s

tr
at

eg
y 

an
d 

fa
st

er
 g

az
e 

sh
ift

in
g 

w
er

e 
si

gn
ifi

-
ca

nt
 p

re
di

ct
or

s 
of

 T
7-

Fz
 c

on
ne

ct
iv

ity
 

(in
di

ca
te

s 
le

ss
 c

on
sc

io
us

 c
on

tr
ol

) a
t 

re
te

nt
io

n 
an

d 
de

la
ye

d 
re

te
nt

io
n 

w
ith

 
ga

ze
 tr

ai
ni

ng



Page 12 of 22Cheng et al. Journal of NeuroEngineering and Rehabilitation           (2023) 20:49 

Ta
bl

e 
3 

(c
on

tin
ue

d)

Re
fe

re
nc

e
A

im
s

Ty
pe

 o
f e

ye
 tr

ac
ke

r
Ey

e 
m

et
ri

cs
O

th
er

 o
ut

co
m

e 
m

et
ri

cs
Ex

pe
ri

m
en

ta
l t

as
k

Ke
y 

fin
di

ng
s

Za
ha

bi
 e

t a
l. 

(2
01

9)
 [2

9]
To

 a
ss

es
s 

th
e 

va
lid

ity
 o

f 
us

in
g 

a 
co

gn
iti

ve
 m

od
el

 
to

 a
ss

es
s 

th
e 

m
en

ta
l 

w
or

kl
oa

d 
of

 u
pp

er
 li

m
b 

pr
os

th
es

is
 u

se
 u

nd
er

 
di

re
ct

 c
on

tr
ol

 a
nd

 p
at

te
rn

 
re

co
gn

iti
on

 c
on

tr
ol

Re
m

ot
e 

(F
ac

el
ab

 5
.1

, 
Se

ei
ng

 M
ac

hi
ne

s, 
A

us
tr

al
ia

)

Pu
pi

l s
iz

e
Ta

sk
 c

om
pl

et
io

n 
tim

e 
an

d 
nu

m
be

r o
f 

cl
ot

he
sp

in
s 

su
cc

es
s-

fu
lly

 re
lo

ca
te

d

A
 s

in
gl

e 
su

bj
ec

t p
er

fo
rm

ed
 

th
e 

cl
ot

he
sp

in
 re

lo
ca

tio
n 

ta
sk

 w
ith

 tw
o 

di
ffe

re
nt

 c
on

-
tr

ol
 m

od
es

 o
n 

tw
o 

se
pa

ra
te

 
da

ys
. A

 c
og

ni
tiv

e 
pe

rf
or

-
m

an
ce

 m
od

el
 w

as
 th

en
 

co
ns

tr
uc

te
d 

to
 c

om
pa

re
 th

e 
de

m
an

ds
 o

f u
si

ng
 d

iff
er

en
t 

co
nt

ro
l m

od
es

Si
gn

ifi
ca

nt
ly

 m
or

e 
cl

ot
he

sp
in

s 
w

er
e 

m
ov

ed
 w

ith
 p

at
te

rn
 re

co
gn

iti
on

 
co

m
pa

re
d 

to
 d

ire
ct

 c
on

tr
ol

. U
si

ng
 

pa
tt

er
n 

re
co

gn
iti

on
 a

ls
o 

re
su

lte
d 

in
 a

 s
m

al
le

r p
up

il 
si

ze
, i

nd
ic

at
in

g 
lo

w
er

 c
og

ni
tiv

e 
lo

ad
. T

he
 c

og
ni

tiv
e 

m
od

el
 in

di
ca

te
d 

th
at

 th
er

e 
w

er
e 

fe
w

er
 c

og
ni

tiv
e 

an
d 

m
ot

or
 o

pe
ra

to
rs

 
w

ith
 p

at
te

rn
 re

co
gn

iti
on

 th
an

 d
ire

ct
 

co
nt

ro
l a

nd
 n

o 
di

ffe
re

nc
e 

in
 th

e 
nu

m
be

r o
f p

er
ce

pt
ua

l o
pe

ra
to

rs
. T

he
 

m
od

el
 u

nd
er

es
tim

at
ed

 ta
sk

 c
om

pl
e-

tio
n 

tim
es

Ka
sp

er
se

n 
et

 a
l. 

(2
02

0)
 [2

0]
To

 e
va

lu
at

e 
th

e 
fe

as
ib

ili
ty

 
of

 u
si

ng
 a

n 
ey

e 
tr

ac
ke

r 
to

 q
ua

nt
ify

 th
e 

se
ns

e 
of

 
ag

en
cy

 to
w

ar
ds

 a
 v

irt
ua

l 
lim

b 
co

nt
ro

lle
d 

us
in

g 
m

yo
el

ec
tr

ic
 p

at
te

rn
 

re
co

gn
iti

on

H
ea

d-
m

ou
nt

ed
 (T

ob
ii 

Pr
o 

G
la

ss
es

 2
, T

ob
ii 

A
B,

 
St

oc
kh

ol
m

, S
w

ed
en

)

D
ur

at
io

n 
of

 fi
xa

tio
ns

 
an

d 
nu

m
be

r o
f fi

xa
-

tio
ns

Re
ac

tio
n 

tim
e

Fo
ur

 o
ns

cr
ee

n 
vi

rt
ua

l r
ea

lit
y 

ar
m

s 
w

er
e 

co
nt

ro
lle

d 
us

in
g 

m
yo

el
ec

tr
ic

 c
on

tr
ol

. D
if-

fe
re

nt
 le

ve
ls

 o
f n

oi
se

 w
er

e 
in

tr
od

uc
ed

 to
 ra

nd
om

ly
 

re
cl

as
si

fy
 m

ov
em

en
ts

 to
 3

 
of

 th
e 

4 
vi

rt
ua

l a
rm

s, 
m

ak
-

in
g 

th
em

 le
ss

 c
on

tr
ol

la
bl

e.
 

Ra
nd

om
 a

rm
s 

w
ou

ld
 fl

as
h 

re
d 

at
 tw

o 
ra

nd
om

 ti
m

e 
po

in
ts

 d
ur

in
g 

ea
ch

 tr
ia

l a
nd

 
pa

rt
ic

ip
an

ts
 w

er
e 

in
st

ru
ct

ed
 

to
 p

re
ss

 a
 k

ey
 w

he
n 

th
ey

 
de

te
ct

ed
 a

 re
d 

fla
sh

Tw
o 

ty
pe

s 
of

 g
az

e 
be

ha
vi

ou
rs

 w
er

e 
ob

se
rv

ed
. P

ar
tic

ip
an

ts
 e

ith
er

 fi
xa

te
d 

on
 th

e 
ce

nt
re

 o
f t

he
 s

cr
ee

n 
an

d 
us

ed
 p

er
ip

he
ra

l v
is

io
n 

to
 d

et
ec

t r
ed

 
fla

sh
es

, o
r t

he
y 

m
ov

ed
 a

ro
un

d 
to

 
fix

at
e 

on
 e

ac
h 

qu
ad

ra
nt

. S
ig

ni
fic

an
tly

 
m

or
e 

tim
e 

w
as

 s
pe

nt
 fi

xa
tin

g 
on

 
th

e 
m

os
t c

on
tr

ol
la

bl
e 

vi
rt

ua
l a

rm
, 

ho
w

ev
er

 n
oi

se
 le

ve
l d

id
 n

ot
 a

ffe
ct

 
th

e 
tim

e 
ta

ke
n 

to
 re

ac
t t

o 
a 

re
d 

fla
sh

. 
Re

su
lts

 s
ug

ge
st

 th
at

 v
is

ua
l a

tt
en

tio
n 

is
 d

ire
ct

ed
 to

 th
e 

vi
rt

ua
l a

rm
 th

at
 p

ro
-

vi
de

s 
th

e 
be

st
 e

xp
er

ie
nc

e 
of

 a
ge

nc
y 

to
 th

e 
pa

rt
ic

ip
an

t

C
ha

dw
el

l e
t a

l. 
(2

02
1)

 [1
9]

To
 e

st
ab

lis
h 

th
e 

re
la

tiv
e 

im
pa

ct
 o

f c
on

tr
ol

 fa
c-

to
rs

 (s
ig

na
l a

cq
ui

si
tio

n,
 

si
gn

al
 g

en
er

at
io

n 
an

d 
de

vi
ce

 re
sp

on
se

) o
n 

us
er

 fu
nc

tio
na

lit
y 

(t
as

k 
pe

rf
or

m
an

ce
, k

in
em

at
ic

s 
an

d 
ga

ze
 b

eh
av

io
ur

) a
nd

 
ev

er
yd

ay
 p

ro
st

he
si

s 
us

ag
e

H
ea

d-
m

ou
nt

ed
 

(D
ik

ab
lis

 P
ro

fe
ss

io
na

l, 
Er

go
ne

er
s)

Pe
rc

en
t fi

xa
tio

n 
an

d 
nu

m
be

r o
f fi

xa
tio

ns
EM

G
 s

ig
na

l, 
re

ac
tio

n 
tim

e,
 n

um
be

r o
f 

un
de

si
re

d 
ac

tiv
at

io
ns

, 
el

ec
tr

om
ec

ha
ni

ca
l 

de
la

y,
 n

um
be

r o
f 

su
cc

es
se

s, 
ta

sk
 c

om
-

pl
et

io
n 

tim
e,

 re
ac

h 
ap

er
tu

re
 p

la
te

au
, 

m
ov

em
en

t v
ar

ia
bi

lit
y,

 
pr

os
th

es
is

 w
ea

r t
im

e 
an

d 
ba

la
nc

e 
of

 a
ct

iv
-

ity
 b

et
w

ee
n 

ar
m

s

Pa
rt

ic
ip

an
ts

 b
eg

an
 b

y 
re

ac
hi

ng
 a

nd
 g

ra
sp

in
g 

fo
r a

 
cy

lin
de

r r
ot

at
in

g 
it 

90
°, 

th
en

 
pl

ac
in

g 
an

d 
re

le
as

in
g 

it 
in

to
 

a 
tu

be
. I

f o
ve

r 8
0%

 o
f t

ria
ls

 
w

er
e 

su
cc

es
sf

ul
, t

he
 s

am
e 

ta
sk

 w
as

 re
pe

at
ed

 w
ith

 a
 

sm
al

le
r d

ia
m

et
er

 c
yl

in
de

r. 
If 

le
ss

 th
an

 8
0%

 o
f t

ria
ls

 w
er

e 
su

cc
es

sf
ul

, t
he

 c
yl

in
de

r w
as

 
pl

ac
ed

 v
er

tic
al

ly
 in

to
 a

 v
er

ti-
ca

l t
ub

e

A
 h

ig
he

r n
um

be
r o

f u
nw

an
te

d 
EM

G
 a

ct
iv

at
io

ns
 w

as
 s

ig
ni

fic
an

tly
 

co
rr

el
at

ed
 to

 lo
w

er
 s

uc
ce

ss
 ra

te
, 

lo
ng

er
 ta

sk
 d

ur
at

io
n,

 h
ig

he
r t

em
po

ra
l 

ki
ne

m
at

ic
 v

ar
ia

bi
lit

y,
 in

cr
ea

se
d 

fix
a-

tio
ns

 to
 th

e 
ha

nd
, d

ec
re

as
ed

 fi
xa

tio
ns

 
to

 g
ra

sp
 c

rit
ic

al
 a

re
as

 d
ur

in
g 

re
ac

h 
to

 
gr

as
p 

an
d 

in
cr

ea
se

d 
ga

ze
 s

w
itc

he
s. 

Lo
ng

er
 e

le
ct

ro
m

ec
ha

ni
ca

l d
el

ay
 w

as
 

si
gn

ifi
ca

nt
ly

 c
or

re
la

te
d 

to
 s

ho
rt

er
 ta

sk
 

du
ra

tio
n,

 s
ho

rt
er

 le
ng

th
 o

f a
pe

rt
ur

e 
pl

at
ea

u,
 d

ec
re

as
ed

 fi
xa

tio
ns

 to
 th

e 
ha

nd
 d

ur
in

g 
tr

an
sp

or
t, 

in
cr

ea
se

d 
fix

a-
tio

ns
 to

 lo
ca

tio
n 

cr
iti

ca
l a

re
as

 d
ur

in
g 

tr
an

sp
or

t, 
fe

w
er

 g
az

e 
sw

itc
he

s 
an

d 
lo

ng
er

 p
ro

st
he

si
s 

w
ea

r t
im

e



Page 13 of 22Cheng et al. Journal of NeuroEngineering and Rehabilitation           (2023) 20:49  

Ta
bl

e 
3 

(c
on

tin
ue

d)

Re
fe

re
nc

e
A

im
s

Ty
pe

 o
f e

ye
 tr

ac
ke

r
Ey

e 
m

et
ri

cs
O

th
er

 o
ut

co
m

e 
m

et
ri

cs
Ex

pe
ri

m
en

ta
l t

as
k

Ke
y 

fin
di

ng
s

M
ar

as
co

 e
t a

l. 
(2

02
1)

 [2
8]

To
 q

ua
nt

ify
 th

e 
pe

rf
or

-
m

an
ce

 o
f i

nd
iv

id
ua

ls
 w

ho
 

re
ce

iv
ed

 ta
rg

et
ed

 s
en

so
ry

 
an

d 
m

ot
or

 re
in

nn
er

va
-

tio
n 

us
in

g 
m

et
ric

s 
su

ch
 a

s 
vi

su
al

 a
tt

en
tio

n,
 c

og
ni

tiv
e 

de
m

an
d,

 fi
ne

 m
ot

or
 d

ex
-

te
rit

y 
an

d 
ow

ne
rs

hi
p

H
ea

d-
m

ou
nt

ed
 (P

up
il 

La
bs

, b
in

oc
ul

ar
, B

er
lin

, 
G

er
m

an
y)

Pe
rc

en
t fi

xa
tio

n
Pr

os
th

es
is

 E
ffi

ci
en

cy
 

an
d 

Pr
ofi

ta
bi

lit
y,

 
D

yn
am

ic
 P

ro
st

he
si

s 
In

co
rp

or
at

io
n,

 G
ra

sp
-

in
g 

Re
la

tiv
e 

In
de

x 
of

 
Pe

rf
or

m
an

ce
, A

da
pt

a-
tio

n 
ra

te

A
 c

up
 tr

an
sf

er
 ta

sk
 in

vo
lv

ed
 

m
ov

in
g 

tw
o 

cu
ps

 s
eq

ue
n-

tia
lly

 a
cr

os
s 

a 
pa

rt
iti

on
 to

 
tw

o 
ta

rg
et

 lo
ca

tio
ns

 th
en

 
re

tu
rn

in
g 

th
e 

cu
ps

 to
 th

ei
r 

st
ar

tin
g 

lo
ca

tio
ns

. A
 p

as
ta

 
ta

sk
 in

vo
lv

ed
 m

ov
in

g 
a 

pa
st

a 
bo

x 
fro

m
 a

 s
ta

rt
in

g 
lo

ca
tio

n 
on

 th
e 

si
de

 o
f t

he
 b

od
y 

to
 

a 
ce

nt
re

 s
he

lf,
 th

en
 a

ro
un

d 
a 

ba
rr

ie
r t

o 
a 

se
co

nd
 h

ig
he

r 
sh

el
f, 

th
en

 to
 it

s 
st

ar
tin

g 
lo

ca
tio

n

Pr
ov

id
in

g 
to

uc
h 

an
d 

ki
ne

st
he

tic
 

fe
ed

ba
ck

 to
 p

ro
st

he
si

s 
us

er
s 

w
ith

 
ta

rg
et

ed
 s

en
so

ry
 a

nd
 m

ot
or

 re
in

ne
r-

va
tio

n 
re

du
ce

d 
fix

at
io

ns
 to

 th
e 

ha
nd

 
in

 re
ac

h 
an

d 
tr

an
sp

or
t p

ha
se

s, 
an

d 
in

cr
ea

se
d 

fix
at

io
ns

 to
 th

e 
ne

xt
 ta

rg
et

 
lo

ca
tio

n.
 O

ve
ra

ll,
 th

e 
in

te
gr

at
io

n 
of

 
bi

di
re

ct
io

na
l c

on
tr

ol
 a

llo
w

ed
 u

se
rs

 to
 

ad
op

t m
or

e 
na

tu
ra

l b
eh

av
io

ur
s

a  S
ou

th
am

pt
on

 H
an

d 
A

ss
es

sm
en

t P
ro

ce
du

re



Page 14 of 22Cheng et al. Journal of NeuroEngineering and Rehabilitation           (2023) 20:49 

Additional eye metrics described in the literature 
measured pupil dilation to describe the cognitive work-
load associated with prosthetic use. These metrics 
included pupil size, percent change in pupil size, and 
number of pupil size increases. Pupil size was measured 
as the average diameter of the pupil in millimeters during 
a trial [29]. Percent change in pupil size was measured 
as the difference between the maximum pupil diameter 
and minimum pupil diameter at baseline, relative to the 
baseline pupil diameter [23]. This metric did not account 
for differences in individual pupil sizes, which may not be 
appropriate for a between-subject design [23]. Number 
of pupil size increases, therefore, measured the number 
of times that the pupil diameter increased per second 
[22], as an index of cognitive activity [32] and was less 
susceptible to environmental factors [22].

Thematic synthesis
Three main themes were identified in the reviewed lit-
erature: (i) general visuomotor behaviours of prosthe-
sis users, (ii) different experimental conditions across 

research groups, and (iii) changes in gaze behaviour in 
response to various factors. In addition, other explora-
tory areas of eye tracking in prosthesis research were 
uncovered in the literature that do not coincide with 
the aforementioned themes. Early studies aimed to 
characterize the visuomotor behaviours of upper limb 
prosthesis users. Across research studies, differences in 
experimental protocols revealed significant differences in 
these behaviours. Later work began to use eye tracking as 
an outcome measure to assess the effectiveness of novel 
prostheses interventions. Lastly, two additional areas of 
prosthetic behaviour, cognitive workload and sense of 
agency, used eye metrics for evaluation.

Discussion
Characteristics of visuomotor behaviours of upper limb 
prosthesis users
Eye‑hand coordination of prosthesis users
When reaching and grasping with the anatomic limb, the 
eyes tend to fixate on a target ahead of the hand move-
ment and maintain fixation on that target while executing 

Fig. 3 Eye metrics reported in the literature to evaluate prosthetic visuomotor behaviour
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the task. Thus the eyes rarely fixate on the hand [8]. 
Prosthesis users, however, have been shown to exhibit 
different patterns of visuomotor behaviour. The litera-
ture consistently demonstrated that when reaching and 
grasping for an object with the prosthetic hand, the eyes 
fixated more towards the hand and less towards the tar-
get [3, 16, 17, 21, 24, 25]. Other studies further revealed 
increased fixations to the prosthetic hand when trans-
porting an object [3, 16, 21, 24]. The reliance on vision to 
monitor the hand was described to be due to grip inse-
curity and deficits in sensory feedback [3, 16, 21, 24, 30]. 
In addition, a gaze switching strategy was identified, in 
which prosthesis users continuously switched between 
visually monitoring the hand and the target, as indicated 
by an increased number of fixations [17, 25] and a low 
TLS score [21, 24]. Some studies further showed that 
there was a significant delay for the eyes to disengage 
from the current target and shift to the next target when 
manipulating objects with a prosthesis [3, 16, 21, 24].

Disruptions to normative eye-hand coordination that 
have been highlighted in the literature are reflective of 
an increased visual dependency to compensate for dif-
ficulties associated with prosthetic use. The increased 
attentional demand that is needed to visually monitor the 
activity of the prosthesis can be one factor that is cogni-
tively demanding and is often reported to be the primary 
reason for device dissatisfaction and rejection [33, 34]. 
Since haptic and proprioceptive feedback are lost with 
amputation, it is likely that vision is used as a feedback 
mechanism to ensure a stable grip [35]. This reliance on 
vision prevents the eyes from looking ahead towards 
target objects to plan for upcoming actions [21, 24]. 
Therefore, adjustments to the hand need to be actively 
controlled and can place a high cognitive demand on the 
user [21].

Gaze behaviour as an indicator of skill level
The development of eye-hand coordination during 
human development phases is well-defined. In the ini-
tial stages of motor learning, vision is used as a feedback 
mechanism to monitor the actions of the hands [36]. 
As skill develops, vision shifts to be predictive of hand 
movements and the eyes are able to look ahead towards 
the target [36]. Presumably then, the reliance on vision to 
monitor the prosthesis would decrease with experience 
and more highly skilled prosthesis users would demon-
strate eye-hand coordination typically observed in indi-
viduals with intact arm function. Some studies [17, 24, 
25] have suggested that more experienced prosthesis 
users behave similarly to individuals with intact limbs, 
however findings have been inconsistent.

Parr et al. [24] suggested that prosthetic eye and hand 
movements remain temporally coupled. Results of their 

study revealed that the timing of gaze shifts was a sig-
nificant predictor of task performance time, therefore 
the ability to shift vision away from the hand towards 
the target resulted in faster movements [24]. Another 
study however, showed that the gaze strategies of expe-
rienced prosthesis users are highly variable [17]. While 
some experienced users fixated predominantly towards 
the target, others switched between monitoring the hand 
and the target. Measures used to describe the spatial allo-
cation of visual attention, including percent fixation and 
number of fixations, thus were not related to skill level 
[17] or everyday usage [18]. Despite clear differences in 
the visuomotor behaviours of individuals with intact 
arm function and prosthesis users, it is unclear from the 
findings to date, whether behaviours that more closely 
resemble normative eye-hand coordination are indicative 
of a higher prosthesis skill level.

Disruptions to the development of typical patterns 
of eye-hand coordination reported in upper limb pros-
thesis users can also be attributed to the unreliability of 
prosthetic devices. A multitude of factors, such as elec-
trode shift, electrode impendence, and fatigue affect the 
reliability of myoelectric control [37], preventing typical 
sensorimotor mapping rules from developing [38]. As 
a result, it is likely that vision maintains fixated on the 
prosthetic hand, even as skill progresses to compensate 
for the unpredictable control. Future work should inves-
tigate the relationship between gaze behaviour and skill 
level, and whether addressing the unpredictability of 
myoelectric control can alleviate demand on the visual 
system.

Experimental conditions can influence visuomotor 
behaviours
The visuomotor behaviours of prosthesis users has been 
characterized across multiple research groups that have 
employed different experimental conditions. The general 
findings were largely in concordance with one another, 
apart from a few studies that indicated that the type of 
prosthetic device and experimental task produced nota-
ble differences in prosthetic behaviour.

Type of prosthetic device
Participants with intact arm function using a simu-
lated prosthesis and individuals with amputation using 
a prosthesis have demonstrated similar eye and hand 
movement patterns when using a prosthetic device. 
Sobuh et  al. [25] demonstrated that participants using 
a simulated myoelectric prosthesis and experienced 
myoelectric prosthesis users had similar gaze fixa-
tions, movement times, and SHAP scores. In addition 
to similarities in visuomotor behaviours between the 
two groups, the compensatory movement patterns of 
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individuals using a simulated device have also been 
shown to be similar to individuals with an upper limb 
amputation when using a myoelectric prosthetic device 
[39]. Although this evidence suggests that the use of a 
simulator prosthesis is an acceptable proxy for study-
ing upper limb prosthesis use, considerations should be 
made concerning the translatability of results to pros-
thesis users. The attachment of a terminal device to a 
simulated prosthesis presents several challenges. The 
position of the terminal device can affect the centre of 
mass or obscure the view of the prosthesis [40], which 
may affect visuomotor behaviour. In addition, the long-
term use of a simulated prosthetic device has yet to be 
explored, therefore it is unknown whether visuomo-
tor behaviours observed during initial testing sessions 
are representative of long-term device use for prosthe-
sis users. However, recruiting participants with intact 
arm function as an alternative to upper limb prosthesis 
users allows a larger sample size to increase the statisti-
cal power of the results. Novice users are also assumed 
to have no experience with operating a prosthetic 
device, whereas prosthesis users typically have varied 
experience levels [17]. Using naïve participants allows 
researchers to control for level of experience when 
evaluating novel research interventions.

In general, myoelectric and body-powered prosthe-
sis users demonstrated similar visuomotor behaviours. 
Both myoelectric and body-powered prosthesis users 
took longer to complete tasks with the prosthetic hand 
compared to the anatomical hand and a disproportion-
ate amount of time was spent fixating the prosthesis 
when reaching and transporting objects [3, 16, 25]. How-
ever, some notable differences in gaze behaviour were 
observed that were unique to body-powered prosthetic 
use. A gaze switching strategy was not evident in tran-
sradial body-powered prosthesis users likely due to the 
mechanics of these types of devices [16]. Unlike the unre-
liable nature of myoelectric control that may cause the 
prosthetic hand to unexpectedly open, a voluntary open 
hook was used, which remained closed on objects once 
grasped. Since a relatively stable grasp can be achieved 
with this type of terminal device, vision was not required 
to monitor the prosthetic hand. This device, along with 
an intact elbow providing some proprioceptive feedback, 
enabled users to look ahead towards the drop-off target 
within a normative range of behaviour [16]. However, 
transhumeral body-powered prosthesis users faced an 
additional visual demand with increased fixations to the 
terminal device in transport that prevented the ability to 
look ahead to the drop-off target [16]. Researchers should 
therefore consider how the type of prosthetic device 
as well as the level of amputation might affect overall 
research outcomes.

Experimental task conditions
Across research groups, different experimental tasks 
were employed to study the visuomotor behaviours of 
prosthesis users. Interestingly, despite these differences, 
the observed gaze behaviours were consistent across 
studies [16, 17, 21, 24, 25]. This finding is in accordance 
with non-disabled eye-hand coordination studies that 
have also shown remarkable agreement across various 
functional tasks, which has led to important generaliza-
tions about human behaviour [8–11]. The majority of 
studies included in this review paper involved relatively 
simple tasks that were performed in a seated position 
and largely limited to the task space directly in front 
of the participant [17–19, 24, 25, 30]. Individuals with 
upper limb amputation are known to use their prosthesis 
for a broad range of activities of daily living (ADL). The 
prosthesis is most frequently used in bimanual tasks to 
assist the intact limb [41]. In addition to desk procedures, 
similar to the experimental tasks of the included studies, 
common ADLs involving prosthetic use include house-
work, shopping, eating and cooking [42]. Therefore, the 
limited movements of these experimental tasks may, not 
be generalizable to prosthesis user functionality in every-
day tasks [18].

Only one study specifically addressed the different task 
demands of two goal-oriented object manipulation tasks 
on the visuomotor system [3]. A pasta box task and a cup 
transfer task were developed to represent daily activities 
[43] and validated to quantify gaze behaviour [2]. The 
pasta box task required gross movements to transport 
a pasta box from various shelf heights, whereas the cup 
transfer task involved transporting compliant cups filled 
with beads [43]. The different task demands revealed dif-
ferences in visuomotor compensatory strategies, in which 
the cup transfer task required more visual attention to 
the hand than the pasta box task during reach and trans-
port phases. Since the cups are deformable, the authors 
explained that visual attention towards the hand was 
likely a cautious strategy to ensure contents of the cup 
were not spilled [3]. Therefore, the cup transfer task was 
applicable in evaluating gaze strategy in relation to grasp-
ing skills (including maintaining grasp during transport), 
whereas, the pasta box task challenged users in various 
planes of movement that required users to adapt their 
visual behaviours [3]. These findings highlight the impor-
tance of considering the task being used when measuring 
visual behaviour. Experimental conditions should include 
scenarios that represent activities of daily living, as lab-
based tasks may not be representative of eye movement 
behaviours in the real world [44].

In addition to experimental task selection, the type of 
eye tracker should also be considered in the experimen-
tal design. Remote eye trackers restrict head and body 
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movements to the area directly in front of the eye tracker 
for reliable gaze recording. Such postural constraints 
have been shown to affect gaze behaviour, specifically, the 
velocity of saccades was shown to increase when the head 
was restricted [45]. When the head was unrestrained and 
could move freely in the recording area of the remote 
eye tracker, data loss and spatial accuracy errors were 
apparent [46]. Head-mounted eye trackers, on the other 
hand, maintain ecological validity and allow for natural 
eye movements. In accompanying more functional tasks 
of daily living, researchers should consider preferentially 
using a head-mounted eye tracker to allow for natural 
eye, head, and hand movements that are representative of 
real-world scenarios.

Responsiveness of eye metrics to various factors
To date, the use of eye tracking technology has ena-
bled researchers to establish a characteristic visuomo-
tor behaviour of upper limb prosthesis users that differs 
from the behaviours of individuals with intact arm func-
tion. However, the question remains whether eye track-
ing metrics are sensitive enough to effectively assess 
functional improvements, such as to reduce the visual 
demand associated with prosthetic use. The following 
section will explore the effects of control systems, sen-
sory feedback, and training on gaze behaviour and pro-
vide evidence that eye metrics are sensitive to various 
factors.

Prosthetic control chain
Myoelectric prostheses are challenging to control as 
there are many factors involved in controlling a prosthe-
sis, which can explain why vision is drawn towards the 
prosthetic hand. Minimizing uncertainty in the control-
ler can improve grasp performance [35] and also has the 
potential to reduce visual attention towards the hand. 
Research on the prosthetic control chain has investigated 
factors such as signal generation, signal acquisition, and 
device response [18, 19, 30].

To understand which control factors may contribute to 
improving user functionality, Chadwell et al. [18, 19, 30] 
investigated the relationships between each of these con-
trol factors and measures of functionality and everyday 
prosthesis usage. Their results showed that gaze behav-
iour was significantly disrupted by mechanical issues, 
such as unpredictability and electromechanical delay, 
and was not related to skill in controlling the electromyo-
graphy (EMG) signal [19]. Unpredictability, as defined 
by a higher number of unwanted EMG activations, was 
significantly correlated to lower success rate, longer task 
duration, higher temporal kinematic variability, increased 
fixations to the hand, decreased fixations to target areas 
during reach to grasp, and increased gaze switches [19]. 

Longer electromechanical delay was also related to 
improved performance, such as shorter task duration, 
shorter length of aperture plateau, decreased fixations to 
the hand during transport, increased fixations to target 
areas during transport, fewer gaze switches, and longer 
prosthesis wear time [19]. This finding was in contrast 
to their hypotheses and is counterintuitive. The effect of 
device delay on user performance is not well understood, 
however the authors speculate that increased mechani-
cal delays may actually reduce undesired activations of 
the prosthesis. Additional research is needed to investi-
gate the interactions between mechanical issues and their 
influence on visuomotor behaviours.

The addition of a prosthesis introduces unpredict-
able control, which appears to drive the dependency on 
vision to monitor the hand. Gregori et  al. [47] revealed 
that when individuals with a transradial amputation were 
asked to grasp and manipulate objects with their miss-
ing limb rather than their prosthesis, they demonstrated 
similar visuomotor behaviours as individuals with intact 
arm function. Therefore, it is likely that the complexities 
of translating muscle signals into actions of the prosthe-
sis is what introduces the disruptions to gaze behaviours. 
Together, these findings point towards a need to address 
factors affecting control reliability and future work 
should consider including eye tracking as an outcome 
measure to assess the usability of novel control systems.

Sensory feedback systems
The integration of sensory feedback systems in myoelec-
tric prostheses have shown promise in improving per-
formance [48], and some researchers have investigated 
whether adding supplementary feedback can reduce the 
visual attention on the hand. One research group stud-
ied the potential of adding supplementary sensory feed-
back to normalize gaze behaviour [26, 27]. In their testing 
paradigm, vibrotactile feedback had no effect on gaze 
behaviour in participants using a simulated myoelectric 
prosthesis [27] or myoelectric prosthesis users [26]. A 
dual-task was used to test differences in gaze behaviour, 
whereby performance on a primary task assessed the 
amount of cognitive effort exerted for that task, while 
performance on a secondary task assessed the remain-
ing cognitive capacity [49]. This testing paradigm may 
not have been appropriate for discriminating differences 
between conditions with and without feedback, as the 
authors suggested that the secondary task was too simple 
and may not have adequately challenged the user [26, 27]. 
In addition, the location of gaze may not discern atten-
tional demand in a dual task, as the locus of attention 
can differ from the location of gaze, particularly when 
information is processed through the peripheral vision 
[4]. In the included studies, the effectiveness of sensory 



Page 18 of 22Cheng et al. Journal of NeuroEngineering and Rehabilitation           (2023) 20:49 

feedback was not tested over multiple training sessions. 
Markovic et  al [50] demonstrated that the relevance of 
feedback is related to the prosthesis user’s experience 
level. Feedback was only beneficial in reducing task com-
pletion time after subjects trained over multiple sessions 
to learn to control a prosthesis [50]. Therefore, the inte-
gration of supplemental feedback into the motor control 
loop may require time before feedback becomes useful in 
reducing the reliance on visual feedback.

Although prosthesis users lack touch and propriocep-
tive feedback, incidental feedback is relayed to the user 
through visual and auditory cues. Many studies have 
compared supplementary feedback to baseline condi-
tions where vision is occluded. This method provides a 
means of isolating the effects of supplementary sensory 
feedback and has been shown to be useful in controlling 
grip aperture, grasping force, joint position, and object 
size and stiffness discrimination [51]. However, few of 
these studies have considered if supplementary feedback 
provides additional benefits in the presence of visual 
feedback. Sensinger and Dosen [51] recommended that 
the modality of feedback should be purposeful in relay-
ing variables to the user that are not redundant with the 
information that is already provided through visual feed-
back. There is currently an absence of evidence to deter-
mine whether supplementary feedback is beneficial in 
reducing the reliance of vision to monitor the prosthesis.

However, one study [28] has demonstrated that restor-
ing sensory feedback through natural channels can 
restore typical patterns of visuomotor behaviour. Tar-
geted reinnervation is a surgical technique that provides 
intuitive bidirectional control by rewiring nerves from 
the amputated limb to new target sites in the muscles 
and skin [52]. Tactors were integrated into the prosthe-
sis to provide physiologically matched touch and kin-
esthetic feedback to the reinnervated skin and muscle 
sites [28]. Compared to no feedback, providing kines-
thetic and tactile feedback reduced fixations to the pros-
thetic hand when reaching and transporting objects, 
and increased visual fixations to the next target location 
[28]. In this study, eye tracking was shown to objectively 
assess visuomotor behaviours of prosthesis users during a 
goal-directed task and was sensitive to detect functional 
changes in response to a novel sensory feedback inter-
vention. Given these findings, future work should incor-
porate the use of eye tracking to ascertain the ability for 
sensory feedback systems to reduce the burden on the 
visuomotor system.

Training interventions
The goal of training is to improve functional outcomes of 
prosthesis users. Although training can improve speed [53] 
and performance [25], less is known about the effects of 

prosthetic training on gaze behaviour. The reviewed litera-
ture reveals that there are notable differences in the way in 
which persons learning to use an upper limb prosthesis are 
trained, which can affect functional outcomes. For exam-
ple, different implicit gaze strategies were developed when 
observing an instructor with amputation demonstrate a 
task using a body-powered prosthesis, as opposed to an 
instructor with intact arm function who demonstrated the 
same task using their anatomic limb [15]. Those who were 
trained with observing the body-powered prosthesis user 
focussed primarily on the path of the prosthesis and the 
shoulders, which may have facilitated kinematic improve-
ments when executing the task [15]. Therefore, guiding 
users to adopt gaze fixation patterns that are task specific 
may be beneficial in promoting more efficient motor learn-
ing during prosthesis use.

In fact, one study [21] explored the use of gaze train-
ing to teach novice prosthesis users. Gaze training is an 
implicit learning strategy that teaches users to adopt eye 
movement behaviours that are similar to expert users by 
encouraging users to look ahead towards the target instead 
of monitoring the hand. In contrast, traditional move-
ment training instructs users on how to move their limbs, 
which can place a high attentional demand on using the 
prosthetic device. Gaze training resulted in greater fixa-
tions towards the target, shorter latencies for the eyes to 
shift to the next target and shorter performance times than 
movement training [21]. Not only did gaze training reduce 
the attentional demand that is associated with prosthetic 
hand use, but also the cognitive demand, as measured by 
EEG connectivity between T7 and Fz regions. The inter-
action between motor planning (Fz) and verbal-analytical 
(T7) regions of the brain were reduced with training, which 
reflected a reduction in conscious movement control [21]. 
Therefore, encouraging users to fixate the target improved 
neural efficiency and the usability of the prosthetic device. 
Importantly, those who received traditional movement 
training demonstrated no improvement in gaze behaviour, 
despite significant improvements in performance time 
[21]. The authors indicated that prosthesis users appear to 
maintain an overreliance on vision to compensate for pros-
thesis unpredictability and may not be capable of achiev-
ing feedforward gaze control through repeated practice. 
These results suggest that specific focus should be placed 
on teaching cognitive strategies during training that are 
aimed at reducing visual attention to improve functional 
outcomes.

Other uses of eye tracking to evaluate prosthetic 
behaviour
Pupil dilation used to measure cognitive load
Eye tracking has also been applied to measure changes 
in pupil size during prosthesis use to assess cognitive 
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workload. Previous studies have attributed visual atten-
tion towards the hand as a proxy for cognitive demand 
but did not provide a direct measure of this experi-
ence [24, 25]. Pupil dilation could provide a direct, yet 
relatively unobtrusive method of measuring the cogni-
tive workload associated with controlling a prosthesis. 
The pupils have been shown to dilate during mentally 
demanding activities, such as thinking and memory 
recall, and return to baseline following the mental task 
[54]. The benefit of measuring pupil dilation is that it is 
an objective and unbiased measure. Changes in pupil 
size are not voluntarily controlled by the user [55] and an 
eye tracker allows for natural movements. The drawback 
however is that pupillary size can respond to changes in 
light and can be confounded by other physiological fac-
tors such as anxiety and stress [56]. Other physiological 
measures (e.g. electroencephalography) require labori-
ous experimental setup that can be obtrusive to the indi-
vidual, can hinder their functional abilities, and may be 
susceptible to movement artefacts [57].

Measures of pupil diameter have been commonly used 
to measure cognitive load in the general population [56]. 
Recently, these metrics have also been applied to quantify 
cognitive load in the context of prosthesis use. Cognitive 
load was evaluated to compare the usability of two dif-
ferent control schemes: direct control and pattern rec-
ognition. Pattern recognition was determined to be less 
cognitively demanding than direct control, as indicated 
by a smaller change in pupil size [23] and fewer pupil 
size increases [22]. Since direct control requires addi-
tional mental steps to switch between control modes, 
the authors concluded that pattern recognition was more 
intuitive to use [22, 23]. In addition, task performance 
increased across trials for both control modes [22, 23], 
however pattern recognition was easier to learn and led 
to superior performance compared to direct control [22]. 
Zahabi et al. [29] further performed a cognitive modelling 
study using the average pupil size to predict the cogni-
tive load of the two different control modes. Their predic-
tions corroborated with the findings of previous studies 
[22, 23] and indicated that fewer cognitive processes and 
motor commands were required for the pattern recogni-
tion control, making it less cognitively demanding than 
direct control. Evidently, pupil dilation shows promise as 
a means to non-invasively measure cognitive workload. 
Future work should address the reliability and validity of 
pupil dilations in quantifying cognitive workload of pros-
thesis users.

Fixation duration used to measure sense of agency
The sense of agency towards a prosthetic limb can be 
described as the experience of voluntary control over 
a prosthetic limb to reliability perform movements as 

intended by the user [58]. This experience of agency 
is essential for the prosthesis to be embodied as part of 
one’s own body [58]. Typically, to assess agency, explicit 
and implicit measures have been defined [59]. For exam-
ple, questionnaires are used to explicitly report the expe-
rience of an experiment, but self-report relies on users 
to retrospectively recall the experiment and phrasing of 
the questions can influence outcome measures [59]. An 
example of an implicit measure is the intentional bind-
ing effect, in which the perceived time interval between a 
voluntary action and a resulting cue appear shorter than 
when the action is involuntary [59].

One preliminary feasibility study investigated the use 
of eye tracking to measure the sense of agency towards 
a prosthetic limb. Using gaze behaviour and reaction 
time in a simple detection task was shown to be feasible 
in assessing the perceived sense of agency [20]. Partici-
pants in this study simultaneously controlled four virtual 
onscreen arms that portrayed active grasp using EMG 
signals. Different noise levels were introduced to these 
virtual arms, to randomly reclassify the intended move-
ments. Findings demonstrated that participants spent 
more time fixating on myoelectric-controlled virtual 
arms that were most controllable and corresponded to 
the actual movement intent recorded by EMG signals (i.e. 
no random noise) [20]. The authors suggested that visual 
attention is directed towards the virtual arm that pro-
vides the best sense of agency [20]. Although there was 
a significant difference in the allocation of visual atten-
tion to different virtual arms, the translatability of such 
evidence should be considered during functional tasks 
where visual monitoring of the prosthetic hand is unde-
sirable [3, 16, 17, 21, 24, 25]. Visual and proprioceptive 
cues about our bodily movements are needed to perceive 
control over one’s voluntary actions [60]. In this experi-
mental design, where a virtual arm was controlled, vision 
was the only mode of feedback, as participants did not 
receive proprioception from a physical arm to perform 
a functional task. It is therefore reasonable that partici-
pants fixated the most controllable virtual arms, how-
ever, the sense of agency cannot be confirmed with vision 
alone. To the best of our knowledge, eye tracking has not 
been otherwise implemented in prostheses research to 
measure the experience of agency. As this study is very 
preliminary, future work is needed to understand the 
role of vision towards the sense of agency and to test the 
validity of fixation duration as a metric to evaluate pros-
thetic agency.

Limitations and future work
Although this scoping review has compiled a collection 
of studies that have used eye tracking to assess the visuo-
motor behaviours of upper limb prosthesis users, we have 
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not provided the reader with a critical discussion around 
the eye tracking technology itself. Many of the included 
studies provided limited details on their eye tracking 
setup. As such, future work should consider providing 
additional details on eye data collection, processing, and 
analysis methods for a more comprehensive insight into 
the technology. A review of the eye tracking technology 
applied to a wider population would serve useful in high-
lighting the limitations of eye trackers and the implica-
tions in understanding visuomotor behaviours.

To describe the visuomotor behaviours of prosthesis 
users, researchers have utilized visual fixations to infer 
cognitive effort. However, this metric only captures overt 
visual attention and does not encapsulate all of the cog-
nitive, physical and emotional workload characteristics 
experienced by prosthesis users. Presently, only pupil 
dilations have been explored as an eye metric to directly 
quantify the cognitive workload of prosthesis users, 
although additional work is needed to verify the validity 
of this metric. Recent work has shown promise in devel-
oping a valid measure of cognitive workload and using 
eye tracking to correlate workload with visual attention 
[61]. Fixations towards the hand were related to a mul-
titude of factors that represent mental workload, such 
as mental demands, physical demands, visual demands, 
conscious processing, frustration, etc. [61] This pros-
thesis user-specific workload measure may serve useful 
in future research to better understand the multifaceted 
challenges of prosthetic use.

An additional eye metric that has not yet been explored 
in prosthetics research is blink rate. Eye blink metrics 
have revealed cognitive processes in non-disabled popu-
lations, as these are known to be dependent on levels 
of mental activity [62]. In healthy humans, blinks occur 
around 15–20 times per minute [63] and have been 
shown to be reduced in mentally demanding tasks or 
when engagement levels were high [64]. Therefore, eye 
blink metrics may potentially provide researchers with 
another marker of cognitive effort in prosthesis users that 
could be explored in future work.

Conclusion
The literature revealed a remarkably characteristic 
visuomotor behaviour of upper limb prosthesis users 
across research studies. In contrast to the visuomo-
tor behaviour of individuals with intact arm function, 
prosthesis users fixate more towards their hand and 
less towards target objects or locations. The reliance on 
vision to monitor the prosthetic hand prevents users 
from looking ahead towards future targets to plan for 
subsequent actions. Despite visuomotor behaviours 
that were mainly consistent, considerations should be 
made regarding the type of prosthesis and experimental 

task, as these may challenge the visuomotor system 
differently. Early work could not demonstrate that 
visuomotor behaviour was related to skill level or eve-
ryday usage. Therefore, it is unknown whether greater 
functionality is also marked by improved gaze behav-
iour and future work should investigate this gap in our 
knowledge.

Evidence has shown that gaze behaviour is related to 
prosthetic control and can be modulated with interven-
tions, such as sensory feedback and training protocols. 
Importantly, eye tracking is a tool that provides a quan-
titative means of assessing human visuomotor behav-
iour and facilitates the understanding of the impact of 
prosthetic interventions to alleviate visual and cogni-
tive demands. Research should thus consider including 
eye tracking as an outcome measure when evaluating 
novel interventions. Overall, the findings are prom-
ising, although more studies are needed with larger 
sample sizes to substantiate the repeatability and valid-
ity of the current findings. Eye metrics have also been 
used to study the cognitive load and sense of agency of 
upper limb prosthesis users. The literature to date sug-
gests promising results in quantifying these phenom-
ena, however more work is needed to validate the use 
of these eye metrics in an upper limb prosthesis user 
population.
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