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Abstract
Background: The Box and Block Test (BBT) has been widely used to assess gross upper extremity (UE) motor function.
We designed a haptic-combined virtual reality (VR) system, named VBBT, to improve BBT with kinematic parameters for
more speci�c assessments.

Methods: According to the block-transfer task in BBT, we designed a VBBT system with a haptic device to provide a sense
of the grasping force and block's gravity during task performance for UE function assessment. Besides the number of
transferred blocks (N-TB), some kinematic parameters were also collected in VBBT for more speci�c assessment,
including the number of zero-crossings of moving acceleration (NZC-ACC), the number of zero-crossings of derivative of
releasing force (NZC-DRF), the ratio of path length and linear length (PLR) and the distance between barrier partition and
drop position (DDP). 16 post-stroke patients and 113 healthy subjects were recruited to examine quantitative
performances, concurrent validity, test-retest reliability and subjective preference between the BBT and VBBT.

Results: Based on the measurements of 95% healthy subjects, the normative ranges of quantitative performances were
established for BBT and VBBT. De�ciencies in patients’ UE function could be identi�ed when their measurements fell
outsides. A moderate correlation was found in the N-TBs between the VBBT and BBT (r = 0.42). The measurements in
VBBT presented a stronger age-related correlation than that in BBT (R2 = 0.57 and R2 = 0.16). The N-TBs in both BBT and
VBBT were strongly correlated to the Action Research Arm Test (ARAT) (|r| = 0.84 and 0.83), and the NZC-ACC and NZC-
DRF in VBBT also showed signi�cant correlations. (|r| = 0.76 and 0.79). The N-TB, NZC-ACC and NZC-DRF in VBBT showed
a good test-retest reliability (ICC = 0.75, 0.78 and 0.80) while a moderate reliability was found in BBT (ICC = 0.62). For the
patient preference, VBBT was given a higher score than the BBT (p < 0.05) for its enjoyment and completion effort
performing.

Conclusion: The VBBT improved a gross manual assessment in BBT, which can provide clinically validated, reliable and
motivative assessment with kinematic parameters for speci�c UE motor functions of post-stroke patients.

Introduction
Stroke is one of the most threatening diseases to human health worldwide due to its extremely high mortality and
disability [1]. With the increasing and ageing world's population, the number of stroke patients will inevitably continue to
increase. It was reported that the lifetime risk of stroke among adults aged 25 years or older ranged from 22.8% in 1990
to 24.9% in 2016, showing a relative increase of 8.9% [2]. The number of stroke patients was estimated to be double the
present level by 2050 [3]. Impairments in upper extremity (UE) function is a common consequence in post-stroke patients.
Approximately 60–80% of patients remain de�cient in UE motor function into the chronic phases [4]. Thus, the recovery
of UE function requires long-term rehabilitative intervention. Most patients have to continue their self-rehabilitation at
home or in the local community, since they cannot afford the high cost of rehabilitation training in special rehabilitation
units [5, 6].

At present, some intelligent rehabilitation devices have been developed to make home-based training possible for post-
stroke patients [7–9]. After a period of device-assisted training at home, the recovery of UE function should be accurately
evaluated for further effective intervention [10]. Several assessments of UE function have been widely used in stroke
rehabilitation, such as the Fugl-Meyer Assessment (FMA) [11–13], Action Research Arm Test (ARAT) [14], Wolf Motor
Function Test (WMFT) [15], and Modi�ed Ashworth Scale (MAS) [16, 17]. However, these assessment scales seem to be
unsuitable for home-based rehabilitation due to several limitations [18, 19]. One limitation refers to the requirement of on-
site supervision and subjective ratings by occupational therapists, making them impossible for self-use assessments at
home. Additionally, most assessments are insensitive to �ne motor skills, known as the ceiling effect, and fail to respond
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to the recovery of UE function in patients in the later periods of rehabilitation [20]. These limitations of the assessment
scales probably result in non-selective and targeted rehabilitative training [21, 22]. Therefore, an objective and sensitive
assessment of UE motor function is necessary for rehabilitation at home. This would enable the transmission of
quantitative data of a patient’s UE motor function to a professional therapist for remote administration and guidance,
speeding up the patient’s recovery progress.

Recent advancements in virtual reality (VR) rehabilitation have allowed automated and remote assessments to be
commercially available for post-stroke patients with low cost. VR rehabilitation assessments are characterized by various
functional tasks [23]. The recovery of motor function can be evaluated based on the quality of task performance [19].
Some quantitative kinematic and biomechanical parameters have been considered critical references for off-site
assessment [24]. In addition, VR environments with high immersion and interaction improve patient motivation to
participate in unsupervised assessments [23, 25, 26]. Recently, haptic devices have been incorporated into VR
rehabilitation. As an interactive tool, the haptic device provides force feedback such as tactile or grasping sensations to
patients during task performance. For example, Gerber et al. combined haptic devices with a 3D virtual environment to
design functional tasks, such as tool use, object moving and spelling in activities of daily life (ADL), to assess the
cognitive and �ne motor functions of chronic traumatic brain injury (TBI) patients [27]. Fluet et al. developed the haptic
Virtual Peg Insertion Test (VPIT) to quantitatively measure performance while placing nine pegs into holes [28]. The VPIT
test-retest study concluded that some kinematic parameters acquired by the haptic device remained consistent and
reliable when performed by stroke patients [29]. In our previous study, we designed several virtual guiding tasks combined
with haptic feedback to evaluate wrist motor function in patients with upper motor neuron lesions. De�ciencies in wrist
motor function were identi�ed when patient performance was outside normative ranges [30]. Related studies have
indicated that rehabilitative assessments in VR combined with haptic rendering not only provide a more immersive
interacting environment but also allow more reliable measurements of patients’ quantitative performances.

The Box and Block Test (BBT) has been widely used to assess UE motor function due to its merits, such as simple
operation, short time consumption and high validity [31]. Kim et al. developed a virtual BBT program using a Microsoft
Kinect system for unsupervised assessment. The test result indicated a strong correlation between the numbers of blocks
moved in the BBT and virtual BBT for both nonhemiplegic and hemiplegic sides [32]. However, without haptic rendering,
movements of grasping in virtual environments is signi�cantly different from natural grasping in real physical
environments [33]. In addition, the virtual BBT system returned the number of blocks to evaluate patient UE motor
function but lacked the acquisition of kinematic parameters for speci�c analysis. In the current study, we designed a
virtual BBT system combined with a haptic device (VBBT) that can provide a sense of the grasping force and the block's
gravity during block-transfer task performance. In addition to the number of transferred blocks (N-TB), some kinematic
parameters could also be collected in VBBT for more speci�c assessment of UE motor functions, such as motion
smoothness, hand dexterity and motion e�ciency. We recruited healthy subjects and post-stroke patients to examine the
quantitative performance, concurrent validity, test-retest reliability and subjective preference between the BBT and VBBT.
The VBBT system is expected to improve BBT for home-based rehabilitation.

Methods

Subjects
Healthy right-handed subjects aged over 18 years without any neurological disorder or musculoskeletal impairment were
recruited from universities and local communities. Patients with chronic stroke were recruited from a rehabilitation unit in
Beijing, China. The patient inclusion criteria were as follows: 1) received a stroke diagnosis at least three months earlier
con�rmed by brain CT or MRI �ndings, 2) was aged older than 18 years, 3) was right handed with an affected right hand,
4) could sit steadily on a chair without armrest support, 5) was able to move 3 blocks in the BBT within one minute, and
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6) understood the whole experimental procedure. The exclusion criteria were as follows: 1) unstable fracture of the upper
extremity on the hemiplegic side; 2) spatial or visual disorders, such as visual neglect; 3) epilepsy caused by visual
stimuli (lights, television, etc.) in the previous six months; and 4) dizziness in the VR environment. All subjects were given
written and verbal information on the current study. A signed informed consent statement was received from each
subject. This study adhered to the tenets of the Declaration of Helsinki, and ethical approval was approved by Beihang
University (BM20180017).

Apparatus and program
A haptic feedback device (Omega.7, Force Dimension Inc., Switzerland; Fig. 1a) was used to provide interactive forces,
including grasping force and block activity. The haptic device allowed a translating force of 12.0 N and grasping force of
8.0 N, as well as an operating space of Φ160 × 110 mm for translation and 240°×140°×180° for rotation. A VR headset
(Oculus Rift, Facebook Inc., US) was used to provide a 3D virtual environment that allowed spatial visualization and
operation. An open source software library Chai3D combined with the OpenGL library was used to render visualization
and haptic interaction in the VBBT program.

A virtual test box with a barrier partition in the middle was created in the VR environment (Fig. 1b). The block was created,
one by one, in the compartment of the box on the side of the tested hand. In the case of the VBBT, when a subject had
completed one trial in which a block was moved from one compartment to the other, another block was then
automatically created (Supplementary Video). This was designed to provide movement consistency and avoid
obstructions to the target block by other blocks during grasping. Each block was attributed physical properties, including
tactile contact and gravity. A virtual grasping tool was attached to the handle of a haptic device. As a subject moved the
handle in the real environment, the virtual tool synchronously performed the same motion in the virtual environment.
When contact occurred between the tool and a block, haptic interactions were computed through force rendering
algorithms. During the interaction, a haptic thread was created to compute the resulting forces between the virtual tool
and block, providing a sense of haptic interaction for the subjects (Fig. 1c).

In the VBBT, some kinematic parameters can be collected by the haptic device to evaluate speci�c UE motor function in
detail. Originally, the haptic device collected the position and velocity of virtual objects, as well as the grasping force of
the virtual tool (Fig. 1c). Considering previously validated parameters for UE assessment in the literature [28, 34, 35], the
kinematic parameters used in the VBBT were determined and included the following:

1) NZC-ACC: The number of zero-crossings of the moving acceleration in a block transfer, which was used to assess the
smoothness and coordination of UE movement.

2) NZC-DRF: The number of zero-crossings of the derivative of the releasing force, which was used to assess hand
dexterity.

3) PLR: The ratio of the path length and linear length in a block transfer trial, which was used to assess the e�ciency of
UE movement.

4) DDP: The distance between the barrier partition and the drop position of a block, which was used to present the
e�ciency of UE movement.

Experimental procedure
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For the healthy subjects, they were asked to perform the BBT and VBBT, respectively. The BBT was performed according
to previously published instructions [31]. In the VBBT, the subjects were seated on a standard height chair facing the
haptic device that was placed at their middle line. We �rst introduced the operation of the haptic device to the subjects
until they understood how to use it in the experiment. In the familiarization session of the VBBT, the subjects, wearing the
VR headset, were instructed to move the blocks to the opposite compartment until they became fully familiarized with
how to operate the haptic device to interact with virtual objects in a VR environment. In the formal session of the VBBT,
the subjects were given one minute to move as many blocks as possible until the program automatically stopped. Four
weeks after the �rst experimental session, the healthy subjects were asked to perform the BBT and VBBT again as a
retest.

For the patients, they were also asked to perform several widely used assessment scales of UE motor function and
cognitive function, including the BBT, ARAT, FMA-UE, Brunnstrom and Mini-Mental State Examination (MMSE). All
assessments were performed according to the standard instructions reported in previous studies [11, 31, 36–38]. Then,
the patients were asked to perform the VBBT with the same procedures as the healthy subjects. Adequate rest was
provided for the patients when they felt tired during the performance. Specially, the test was immediately stopped once
the patients felt uncomfortable. When the patients �nished the VBBT, they were given a questionnaire to evaluate their
subjective preferences for the BBT and VBBT, and an informal interview was conducted regarding their preference. There
were 7 questions corresponding to 7 items in the questionnaire, including difference, understandability, enjoyment,
attraction, relaxation, effort and tiredness. The patients gave scores (from 1 to 7) to show how true each question was for
both the BBT and VBBT, in which 1 indicated “not at all true” and 7 indicated “very true”. The questions in the
questionnaire were as follows:

Q1: I don't think there is a signi�cant difference between the BBT and VBBT. (Difference)

Q2: I think the BBT/VBBT is quite easy to understand. (Understandability)

Q3: I enjoy to perform BBT/VBBT very much. (Enjoyment)

Q4: I think the BBT/VBBT can hold my attention very well. (Attraction)

Q5: I feel very relaxed in performing the BBT/VBBT. (Relaxation)

Q6: I put a lot of effort into the BBT/VBBT. (Effort)

Q7: I feel very tired after the BBT/VBBT. (Tiredness)

Data analysis
A demographic analysis was performed with both the healthy and patient subjects. We divided the subjects into three
groups according to their ages: the young group, 18–44 years; the middle-aged group, 45–59 years; and the senior group,
60 years or older. A regression analysis was performed between the age and the quantitative performances(N-TB) in both
BBT and VBBT. The kinematic parameters (NZC-ACC, NZC-DRF, PLR, and DDP) were compared between the healthy and
patient subjects. We determined a normative range by 95% con�dence interval (CI) for 2-sided measurements
(2.5%-97.5%) of healthy-subject performances for each kinematic parameter. Speci�c de�ciencies in a patient’s motor
function were identi�ed when the patient’s measurements fell outside of the normative ranges. A Correlation analysis
was conducted between the parameters collected in the BBT (N-BT) as well as the VBBT (N-BT, NZC-ACC, NZC-DRF, PLR,
and DDP) and the clinical scales, such as FMA-UE and ARAT for concurrent validity. Spearman rank correlation
coe�cient was used for the classi�cation [39]: 0.20 or below, little if any correlation; 0.20–0.40, weak correlation; 0.40–
0.70, moderate correlation; and 0.70-1.0, strong correlation. A intraclass correlation coe�cient (ICC) was used to examine
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the test-retest reliability of BBT and VBBT [40, 41]: 0.5 or below, poor reliability; 0.50–0.75, moderate reliability; 0.75–0.9,
good reliability; and 0.9-1.0, excellent reliability. SPSS version 22.0 (SPSS Inc, Chicago, Illinois) was used to analyse all
the data.

Results

Demographics and clinical characteristics of subjects
A total of 113 healthy subjects and 16 patients with chronic stroke were included in the current study. For the healthy
subjects, 19 males and 26 females aged 28.9 ± 7.2 years were in the young group; 12 males and 19 females, aged 51.4 ± 
4.0 years were in the middle-aged group; 12 males and 25 females aged 70.8 ± 9.2 years were in the senior group. For the
patients, none were in the young group; 3 males and one female aged 52.3 ± 4.4 years were in the middle-aged group; 8
males and 4 females aged 73.1 ± 6.0 years were in the senior group. All patients with Brunnstrom stage (BS) ≥  for the
arm and BS ≥  for the hand were subjected to stroke between 3 months and 36 months. The scores on the MMSE, FMA-
UE, ARAT, and BBT were 26.2 ± 4.7, 53.7 ± 10.6, 45.3 ± 11.5 and 33.1 ± 11.9, respectively. More details on the demographic
and clinical characteristics of patients are listed in Table 1.
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Table 1
Demographic and clinical characteristics of patients (n = 16)

Patient Age Age
Group

Gender Stroke
Cause

Stroke
Duration

BS-
Arm

BS-
Hand

MMSE FMA-
UE

ARAT BBT

P1 48 Middle-
aged

Male Ischemiac 5
months

28 34 17 13

P2 49 Middle-
aged

Female Ischemiac 4
months

30 58 57 40

P3 55 Middle-
aged

Male Ischemiac 15
months

29 63 53 53

P4 57 Middle-
aged

Male Ischemiac 4
months

27 60 51 27

P5 64 Senior Male Ischemiac 15
months

25 54 45 27

P6 65 Senior Female Ischemiac 3
months

27 61 57 44

P7 66 Senior Male Hemorrhage 6
months

25 63 57 44

P8 70 Senior Male Ischemiac 5
months

28 59 45 42

P9 72 Senior Male Ischemiac 5
months

27 63 52 30

P10 72 Senior Male Ischemiac 5
months

25 38 32 20

P11 73 Senior Male Ischemiac 5
months

30 41 39 32

P12 75 Senior Female Ischemiac 7
months

15 46 34 16

P13 76 Senior Female Hemorrhage 6
months

28 63 39 37

P14 80 Senior Female Ischemiac 4
months

16 38 37 21

P15 81 Senior Male Ischemiac 4
months

30 55 57 49

P16 83 Senior Male Ischemiac 36
months

30 63 53 35

Mean 67.88 —— —— —— —— —— —— 26.2 53.7 45.3 33.1

SD 10.93 —— —— —— —— —— —— 4.7 10.6 11.5 11.9

SD Standard Deviation, BS Brunnstrom stage on the hemiplegic side, MMSE Mini Mental Status Examination, FMA-
UE Fugl-Meyer Assessment for the Upper Extremity, ARAT Action Research Arm Test, N-BBT Number of Box and Block
Test, N-VBBT Number of Virtual Box and Block Test.

Block-transfer performance in BBT and VBBT
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The healthy subjects moved more blocks in the BBT (95% range = 53–89, median = 77 in the young group; 95% range = 
61–91, median = 74 in the middle-aged group; 95% range = 48–87, median = 68 in the senior group; Fig. 2a) than in the
VBBT (95% range = 28–45, median = 37 in the young group; 95% range = 20–45, median = 28 in the middle-aged group;
95% range = 11–37, median = 24 in the senior group; Fig. 2b), and there was a medium correlation between the two
assessments (r = 0.42, p < 0.001; Fig. 3a). In addition, the age of healthy subjects accounted for more of the variance in
VBBT performance (R2 = 0.57, p < 0.001; Fig. 3b) compared to that in BBT performance (R2 = 0.16, p < 0.001; Fig. 3c),
suggesting that age differences should be taken into consideration for VBBT performance. None of the middle-aged
patients could move more blocks than 2.5% of the middle-aged healthy subjects (lower limit of the normative range) in
either the BBT or the VBBT. In the senior group, only one patient moved more VBBT blocks than the lowest 2.5% of the
senior healthy subjects; this individual also moved more BBT blocks than the lower limit of the normative range in the
BBT.

Kinematic measurements in VBBT
The normative ranges of the kinematic parameters in the VBBT were determined by measurements of healthy subjects (n 
= 113; 95% CI for 2-sided metrics, Fig. 4). For the NZC-ACC (Fig. 4a), all the middle-aged patients fell outside the normative
range (1.2–4.2), and 3 out of 12 senior patients fell outside the normative range (1.3–7.3). For the NZC-DRF (Fig. 4b), all
the middle-aged patients fell outside the normative range (3.2–7.7), and 3 out of 12 senior patients fell outside the
normative range (4.3–12.3). For the PLR (Fig. 4c), only one middle-aged patient and 2 senior patients fell outside the
normative ranges (1.1–1.8 and 1.1–1.7, respectively). For the DDP (Fig. 4d), only one middle-aged patient and 5 senior
patients fell outside the normative ranges (10.0-91.2 and 19.7–76.8, respectively). Speci�c characteristics for a patient’s
UE motor function, such as the dexterity, smoothness and coordination of limb movement, were evaluated according to
his/her quantitative performance compared to the normative range.

Concurrent validity for BBT and VBBT
The results of correlation analyses for clinical validity in the patients (n = 16) are presented in Table 2. The N-TB in BBT
was strongly correlated with ARAT (r = 0.83, p < 0.001) and moderately correlated with FMA-UE (r = 0.66, p < 0.01). A strong
correlation was found between N-TB in VBBT and ARAT (r = 0.84, p < 0.001), while a moderate correlation was found
between N-TB in VBBT and FMA-UE (r = 0.61, p < 0.01). The kinematic measurement NZC-ACC, NZC-DRF and DDP in VBBT
were strongly correlated to ARAT (|r| ≥ 0.76; p < 0.001), except for PLR (|r| = 0.56; p < 0.05). All the kinematic
measurements in VBBT were weakly correlated to FMA-UE scores (|r| ≤ 0.48). This result indicated that the VBBT was
validated for task-oriented assessments of UE motor function in chronic stroke patients.
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Table 2
Spearman’s rank correlation coe�cients between clinical scale scores and BBT/VBBT parameters

Clinical scale N-TB (BBT) N-TB (VBBT) NZC-ACC

(VBBT)

NZC-DRF

(VBBT)

PLR

(VBBT)

DDP

(VBBT)

ARAT 0.83*** 0.84*** -0.76*** -0.79*** -0.56* -0.78***

FMA-UE 0.66** 0.61** -0.48* -0.45* -0.23 -0.47*

N-TB, number of transferred blocks; NZC-ACC, number of zero-crossings of the moving acceleration; NZC-DRF, number
of zero-crossings of the derivative of releasing force; PLR, ratio of the path length and linear length in a block transfer;
DDP, distance between the barrier partition and the drop position of a block; ARAT, Action Research Arm Test; FMA-UE,
Fugl-Meyer Assessment for the Upper Extremity. A single asterisk (*), double asterisks (**) and triple asterisks (***)
indicate signi�cant differences between the two age groups with p < 0.05, p < 0.01 and p < 0.001, respectively.

Test–retest reliability for BBT and VBBT
The results of the test-retest analysis on the BBT and VBBT for healthy subjects (n = 95) are shown in Table 3. The N-TB
in VBBT (ICC = 0.75) exhibited better consistency than that in the BBT (ICC = 0.62). The test-retest correlations were good
for the kinematic measurement NZC-ACC and NZC-DRF (ICC = 0.78 and 0.80, respectively) and were moderate for PLR and
DDP (ICC = 0.68 and 0.58, respectively).

Table 3
Test-retest reliability for BBT and VBBT parameters in healthy subjects (n = 95)

  Test mean (SD) Retest mean (SD) ICC (95%CI) SEM

N-TB (BBT) 72.20 (9.37) 73.74 (9.58) 0.62 (0.48–0.73) 5.85

N-TB (VBBT) 30.49 (7.92) 34.95 (10.57) 0.75 (0.65–0.83) 4.79

NZC-ACC (VBBT) 2.88 (1.24) 2.53 (1.09) 0.78 (0.68–0.84) 0.56

NZC-DRF (VBBT) 5.21 (1.84) 4.65 (1.79) 0.80 (0.71–0.86) 0.82

PLR (VBBT) 1.21 (0.16) 1.16 (0.15) 0.68 (0.56–0.78) 0.087

DDP (VBBT) 44.43 (17.00) 39.15 (15.83) 0.58 (0.43–0.70) 0.34

N-TB, number of transferred blocks; NZC-ACC, number of zero-crossings of the moving acceleration; NZC-DRF, number
of zero-crossings of the derivative of releasing force; PLR, ratio of the path length and linear length in a block transfer;
DDP, distance between the barrier partition and the drop position of a block; SD, standard deviation; ICC, Intraclass
correlation coe�cient; CI Con�dence interval; SEM, Standard error of mean.

Subjective preference for BBT and VBBT
As shown in Fig. 5, the patients scored 3.7 ± 1.6 for the difference of the subjective preference in performing the BBT and
VBBT. Speci�cally, they gave higher scores for enjoyment in the VBBT than in the BBT (6.0 ± 1.5 and 4.1 ± 0.9,
respectively, p < 0.05) and gave higher scores for effort in the VBBT than in the BBT (3.7 ± 1.8 and 1.7 ± 1.0, p < 0.05).
There were no signi�cant differences in scores for understandability (6.2 ± 1.5 and 6.9 ± 0.3, p > 0.05), attraction (6.6 ± 1.3
and 5.6 ± 1.1, p > 0.05), relaxation (4.6 ± 2.5 and 5.2 ± 2.5, p > 0.05) and tiredness (1.6 ± 1.1 and 1.3 ± 0.7, p > 0.05)
between the VBBT and BBT.
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Discussion
The BBT has been considered to be an effective tool to evaluate gross manual dexterity in post-stroke patients. However,
due to the simplicity of the measurement, the results from the BBT cannot represent speci�c impairments in motor
function. Our study aimed to virtualize the BBT using a VR display combined with a haptic device to improve an
assessment of UE function in more details. Speci�cally, four kinematic parameters, including NZC-ACC, NZC-DRF, PLR and
DDP, were used to re�ect motion smoothness, hand dexterity and motion e�ciency during task performance.

Compare to the BBT performance, the number of transferred blocks (N-TB) in VBBT presented a stronger age-related
correlation (Fig. 2 and Fig. 3). As the age increased, N-TB completed by the subjects signi�cantly decreased. This might
be due to a better learning ability to use a new device for young people than for senior people. Therefore, we divided the
subjects into three groups (young, middle-aged and senior) to characterize the subjects’ performances. Compared to the
BBT, the VBBT can provide several kinematic parameters, in addition to the number of transferred blocks, to re�ect a
patient’s speci�c impairment in UE function in more details. The kinematic parameters refer to NZC-ACC, NZC-DRF, PLR,
and DDP. Normative ranges of the kinematic parameters were determined by 95% measurements of healthy-subject
performances. Impairments in UE function in a stroke patient can be identi�ed when his/her measurements fall outside
of the normative ranges. The number of zero-crossings collected by the haptic device has been regarded as the number
of submovements involved in a block-transfer movement, which has been commonly accepted to re�ect movement
smoothness [42, 43]. In our experiment, the NZC-ACC is an indicator of the smoothness of the trunk, shoulder, elbow and
wrist of a patient while transferring a block; the NZC-DRF refers to a measurement of the smoothness of the hand and
�ngers during grasping and releasing a block [34]. Since the PLR in the VBBT was invalid to some well-accepted clinical
assessment scales, we used the DDP to re�ect the e�ciency of UE movement. According to the kinematic measurements
of the patients (Supplementary Table), the therapists could individually design rehabilitative training strategies for them.
For example, patients P2-P5, P8 and P11 with NZC-ACC and NZC-DRF measures falling outside the normative ranges but
DDP in the normative ranges could be suggested to focus their treatment on enhancing their UE movement smoothness.
For patients P1 and P13, all their measurements fell outside the normative ranges, and the therapist could decide to
improve both the smoothness and e�ciency of their UE function.

The VBBT is a task-oriented assessment that is also concerned with patients’ motivation [49–52]. Based on the Intrinsic
Motivation Inventory, we designed several questions to examine the subjective preference of the patients. The results
showed that most patients preferred to perform the assessment using the VBBT rather than the BBT, due to the
enjoyment of the immersive environment and effort needed for task performance. Interestingly, some patients thought
that the use of the device in the VBBT required more effort than that in BBT, which could have motivated their task
completion.

We compared the measurements on the BBT and VBBT with the scores of clinical assessment scales to validate our
current design. To be expected, the measurements in BBT were strongly correlated with ARAT and FMA- UE scores. There
is also a strong correlation between the parametric measurements in VBBT and ARAT. However, FMA-UE scores showed
weak and moderate correlations with the VBBT measurements (Table 2). The ARAT, related to the International
Classi�cation of Functioning, Disability and Health (ICF) Activity level [18], is usually used for concurrent validity of UE
function assessment with novel technology [35, 39]. The FMA-UE has also been commonly used for concurrent validity.
However, the FMA is related to the ICF Body Function/Body Structure level [18], which was considered a complement for
the designed objective assessment [44, 45]. In our experiment, two patients (P2 and P15) exhibited apparent differences
between the VBBT and FMA-UE measures. For example, P2 was unable to perform scapula adduction completely on her
affected side and had limited shoulder �exion up to 140°. P15 had limited range of motion (ROM) of wrist extension for
50° and limited ROM of wrist supination for 45°. These physical impairments or compensatory movements were the
result of low FMA-UE scores for the two patients but made little difference in BBT and ARAT performance. We also found
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that the PLR was weakly or moderately correlated with the clinical scale scores (0.23 ≤ |r| ≤ 0.56; Table 2). This is
possibly due to individual habits in transferring movements. Therefore, the PLR was not recommended as an indicator in
a patient’s UE functional assessment. Furthermore, we conducted a test-retest analysis to evaluate the reliability of the
VBBT assessments (Table 3). A higher ICC was found in the N-TB in VBBT than that in the BBT. In addition, the ICCs
tended to be between moderate and good for the four kinematic parameters in the VBBT, including NZC-ACC, NZC-DRF,
PLR and DDP. Additionally, the subjects’ VBBT performances exhibited signi�cant improvement between test and retest
sessions, though all the subjects were given a familiarization session up to 15 minutes to minimize the learning effect
[46–48]. In fact, most subjects �nished the familiarization session within 3 minutes, since they thought they were fully
familiarized with how to operate the haptic device. However, the test-retest results indicated that this was not the case.
Therefore, more complex virtual tasks should be included in the familiarization session to reduce the learning effect in
the VBBT assessment. It should be noted that the test-retest analysis was available only for healthy subjects, not the
patients. All patients in this study were recruited from rehabilitation units of the hospital. Their UE motor function
probably improved in the 4-week interval between test and retest performance since they were receiving physical therapy
or occupational therapy during that time. Above all, the VBBT was concurrently validated for task-oriented assessment of
UE motor function and had good test-retest reliability.

There are still some limitations in the current study. One limitation refers to the “�oor effect” of the VBBT. The patients
could operate the device and perform the virtual task only if their UE function reached Brunnstrom stage IV or later. In
fact, most patients tend to conduct rehabilitation at home when they have recovered major functions of the UE. For some
patients who are unable to independently operate the device, we suggest providing some support for their arm during
VBBT performance. Another limitation is the higher price of the haptic device for VBBT system than the BBT instrument,
which makes it impossible to be commercially available for some patients. The application of the VBBT is oriented to
home-based rehabilitation. However, this does not mean that every patient must buy it. Patients can rent the device from
the rehabilitation unit. When they regain motor function and can maintain recovery, they will send back the device to the
rehabilitation unit. Therefore, the patients do not need to afford too much for the use of the VBBT.

Conclusion
We designed the VBBT with a haptic device to improve BBT for assessing UE motor function in patients with chronic
stroke. The performances of healthy subjects were collected to establish normative ranges in different age groups.
De�ciencies in a patient’s UE motor function could be determined when his/her measurements were not within the
normative ranges. The concurrent validity and test-retest evaluations were examined to indicate that the VBBT is an
effective and reliable task-oriented assessment. Besides the number of transferred blocks, the VBBT can provide clinically
validated kinematic parameters, including NZC-ACC, NZC-DRF and DDP, to re�ect patients' speci�c impairments in UE
function, including the motion smoothness, hand dexterity and motion e�ciency. Additionally, the patients showed a
signi�cant preference for the VBBT due to the enjoyment and completion effort, which would improve their motivation to
participate in the unsupervised assessment for home-based rehabilitation.
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Figure 1

The haptic device, the VBBT task environment and the measurements in VBBT performance in the current experiment. a)
The seven-degree-of-freedom (7-DoF) haptic feedback device (Omega.7, Force Dimension Inc., Switzerland) used to
provide human-VBBT interaction. b) VBBT task that requires users to move a virtual block from one compartment of a
virtual box to the other in one trial. c) A schematic diagram of the measurements in VBBT performance, including a block
trajectory and the grasping force from a start position (SP) to the end position (EP) in one block transfer. [Double column]

Figure 2

The numbers of transferred blocks (N-TB) in BBT and VBBT performed by the heathy subjects and patients in different
age groups. a) N-TB in BBT performed by the heathy subjects and the patients in the young, middle-aged and senior
groups. b) N-TB in VBBT performed by the heathy subjects and the patients in the young, middle-aged and senior groups.
In each boxplot, the 2.5th and 97.5th percentiles are shown at the end of the lines, and black diamonds indicate the
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outliers. A single asterisk (*), double asterisks (**) and triple asterisks (***) indicate signi�cant differences between the
two age groups with p < 0.05, p < 0.01 and p < 0.001, respectively. [Double column]

Figure 3

Correlation and linear regression analysis on the numbers of transferred blocks (N-TB) in BBT and VBBT performed by
the healthy subjects with the age distributions. a) A Spearman correlation on N-TBs between the BBT and VBBT in the
healthy subjects (r = 0.42, p < 0.001). b) A linear regression between N-TB in VBBT in the healthy subjects and their ages
(R2 = 0.57, p < 0.001). c) A linear regression between N-TB in BBT in the healthy subjects and their ages (R2 = 0.16, p <
0.001). The green, blue and red diamonds indicate the subjects in the young, middle-aged and senior groups, respectively.
[Single column]
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Figure 4

The kinematic parameters in the VBBT performed by the healthy subjects and patients. a1) Two typical curves of block-
moving acceleration vs. normalized time in one trial performed by a healthy subject and a patient. The blue dots and the
red asterisks indicate the zero-crossings of the block-moving acceleration for the healthy subject and patient, respectively.
a2) The numbers of zero-crossings of the block-moving acceleration performed by the heathy subjects and patients in
the young, middle-aged and senior groups. b1) Two typical curves of releasing-force derivative vs. normalized time in one
trial performed by a healthy subject and a patient. The blue dots and the red asterisks indicate the zero-crossings of the
releasing-force derivative for the healthy subject and patient, respectively. b2) The numbers of zero-crossings of the
releasing-force derivative performed by the heathy subjects and patients in the young, middle-aged and senior groups.
c1) Two typical curves of the ratio of the path distance and linear distance (PLR) vs. normalized Y position (PY) in the
VBBT performed by a healthy subject and a patient. The belts indicate 2-sided measurements (2.5%–97.5%) of the PLR
performance. c2) The PLRs performed by the heathy subjects and patients in the young, middle-aged and senior groups.
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d1) Two typical scatter plots of the distance between the barrier partition and the drop position of a virtual block (DDP)
performed by a healthy subject and a patient in the VBBT. d2) The DDPs performed by the heathy subjects and patients
in the young, middle-aged and senior groups. A single asterisk (*), double asterisks (**) and triple asterisks (***) indicate
signi�cant differences between the two age groups with p < 0.05, p < 0.01 and p < 0.001, respectively. [Double column]

Figure 5

The scores of the patients’ subjective preferences for the BBT and VBBT. The scores for understandability, enjoyment,
attraction, relaxation, effort and tiredness for the BBT and VBBT are 6.2 ± 1.5 and 6.9 ± 0.3, 6.0 ± 1.5 and 4.1 ± 0.9, 6.6 ±
1.3 and 5.6 ± 1.1, 4.6 ± 2.5 and 5.2 ± 2.5, 3.7 ± 1.8 and 1.7 ± 1.0, 1.6 ± 1.1 and 1.3 ± 0.7, respectively. A single asterisk (*)
indicates a signi�cant difference (p < 0.05) between the subjective preferences for the BBT and VBBT. [One and a half
column]
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