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A B S T R A C T   

Recently, several spinal exoskeletons were developed with the aim to assist occupational tasks such as load- 
handling and work in prolonged static postures. While the biomechanical effects of such devices has been 
well investigated, only limited feedback to the developers is usually provided regarding the subjective percep-
tions of the end-users. The aim of this study was to present a novel battery of tests, designed to assess functional 
performance and subjective outcomes during the use of assistive trunk exoskeletons, and to assess its test-retest 
reliability. The battery of tests consists of 12 different simple functional tasks. Twenty participants were included 
in an intra-session reliability test and repeated the tests within 7–10 days to assess inter-session reliability. They 
were wearing a novel passive spinal exoskeleton during all trials. The outcomes included quantitative and 
subjective measures, such as performance time and rating of discomfort and perceived task difficulty. The ma-
jority of the outcome measures were reliable within session and between sessions (ICC or α > 0.80). Systematic 
effects were observed in a few tasks, suggesting that familiarization trials will be needed to minimize the learning 
effects. The novel battery of tests could become an important easy-to-use tool for functional testing of the spinal 
exoskeletons in addition to more specific biomechanical and physiological testing. Further studies should address 
the reliability of the present battery of tests for assessing specific populations, such as low back pain patients and 
explore how to minimize systematic effects that were observed in this study.   

1. Introduction 

Exoskeleton is defined as a wearable device that assists, enables or 
enhances human movement and physical activity or supports body 
posture (Lowe et al., 2019). Exoskeletons may be completely passive, 
using mechanical elements, such as elastic beams and springs, or active, 
using electrical power (Lowe et al., 2019; de Looze et al., 2016). Various 
exoskeletons have been developed and used for spinal cord injury pa-
tients (Cheung et al., 2017), post-stroke rehabilitation (Louie and Eng, 
2016) and for assistance to patients with other neurological or physio-
logical conditions that result in movement impairment (Hill et al., 
2017). Recently, spinal exoskeletons for application in industrial set-
tings have also been developed (de Looze et al., 2016). These exo-
skeletons are being developed for users whose occupational tasks 

include load lifting and carrying, overhead work, static postures and 
squatting (Lowe et al., 2019; de Looze et al., 2016). The major benefits 
expected from the use of spinal exoskeletons are increased occupational 
performance and decreased risk for work-related musculoskeletal dis-
orders. In particular, low back pain (LBP) has been recognized as a 
symptom associated with high economic burden, which is projected to 
increase in the following decades (Hartvigsen et al., 2018). Since the 
occupations involving load handling or static postures are associated 
with LBP (Wai et al., 2010a; Wai et al., 2010b; Wai et al., 2010c; Griffith 
et al., 2012; da Costa and Vieira, 2009), exoskeletons that would support 
the user during these tasks could contribute to prevention of LBP, as well 
as support rehabilitation and vocational reintegration of LBP patients. 

During the end-user testing phase for spinal exoskeletons, there are 
several outcomes that deserve consideration. These include 
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biomechanical parameters, such as lower back torque and spinal 
compression forces, functional outcomes, such as the time to complete a 
particular task, subjective outcomes, such as perception of effort and 
discomfort, and general acceptance by the users. The spinal exoskeletons 
that have been developed in recent years have been documented to offer 
biomechanical support during load lifting (Hondzinski et al., 2019; 
Wehner et al., 2009; Lotz et al., 2009; Godwin et al., 2009; Abdoli-Er-
amaki et al., 2007) and static postures (Koopman et al., 2019; Ulrey and 
Fathallah, 2013; Bosch et al., 2016; Graham et al., 2009). However, only 
a limited number of studies have assessed subjective outcomes and user 
acceptance (Hondzinski et al., 2019; Godwin et al., 2009; Baltrusch 
et al., 2018). Meanwhile, it was stressed that the main issue that limits 
the widespread use of exoskeletons in industrial settings is probably the 
human-machine interaction (de Looze et al., 2017). Therefore, there is a 
critical need for reliable assessment tools that would encompass sub-
jective reports by the users, in order to provide the developers with 
valuable feedback. 

Recently, Baltrusch et al. (2018) developed and used a functional 
battery of tests that includes 12 versatile functional tasks. The outcome 
measures include performance and various aspects of user’s subjective 
perceptions related to exoskeleton use. Their results indicate that the 
tests are sufficiently sensitive to detect the effects of the exoskeleton on 
performance and subjective outcomes in healthy men. However, the 
reliability of the battery of tests needs to be established before it can be 
recommended for further research. Therefore, the purpose of this study 
was to propose an easy-to-use and low cost approach for assessment of 
functional performance of trunk exoskeletons. Therefore, we evaluated 
the intra-session and inter-session reliability, and potential systematic 
errors of the proposed battery of tests for functional evaluation of the 
exoskeleton. We used the SPEXOR exoskeleton, a novel passive spinal 
exoskeleton that represents the current state-of-the-art in passive 
exoskeletons. 

2. Methods 

2.1. Participants 

Twenty (10 females, 10 males) healthy participants (average age: 
23.3 � 2.01 years; average body height: 174.2 � 8.5 cm; average body 
mass: 71.7 � 13.4 kg) volunteered for the study. The participants were 
students of Faculty of Health Sciences (University of Primorska, 
Slovenia) and had little or no previous experience with exoskeletons. 
The participants were made aware of the study through the social media 
advertisement. Exclusion criteria were any present musculoskeletal in-
juries or any other medical condition that could be exacerbated by the 
physical effort. Before the experiment, the participants were thoroughly 
informed about all the procedures and an informed consent was signed. 
The protocol was conducted in accordance with Declaration of Helsinki 
and was approved by the Republic of Slovenia’s National Medical Ethic 
Committee (Approval number: 0120–199/2016-2). 

2.2. The exoskeleton 

In the present study we used a novel passive spinal exoskeleton 
(Fig. 1) developed within the SPEXOR project (N€af et al., 2018; Babi�c 
et al., 2017). In short, the exoskeleton is comprised of the spinal module, 
which provides support through flexible carbon fiber beams, and two 
spring-based hip actuators. A clutch was developed that allows the 
support to be switched off whenever it is not needed. Three parallel 
hinge joints are situated just lateral to the hips to compensate for po-
tential misalignments. Thigh pads are mounted on a slider to prevent 
them from sliding along the leg. The mechanical link between the pelvis 
and the thigh pads includes a sliding mechanism that compensates for 
changes in the distance between the pelvis and the knee during hip 
flexion-extension movement, thus preventing the thigh pads from 
sliding along the leg. The weight of the device is 6.8 kg. The exoskeleton 

was adjusted to the participants’ anthropometry. The center spinal 
module was set to a height 10 cm below the C7 vertebrae. The width of 
the pelvic frame was adjusted to the individual’s waist width. Both 
spinal module height and pelvic frame width were carefully measured 
and set to the same values during the second session. The same examiner 
fastened the thigh and the chest straps, further ensuring that the 
exoskeleton was installed in a similar manner in both sessions. 

2.3. Study design and the battery of tests 

The experiment was conducted during two sessions that were sepa-
rated by 7–10 days. The first session included two sets of measurements. 
An additional set was performed during the second session. The 
exoskeleton was continuously worn during both sessions. The battery of 
tests we used was developed by Baltrusch et al. (2018), for the purpose 
of assessing functional and subjective outcomes when wearing spinal 
exoskeletons. The battery of tests includes tasks during which support of 
the exoskeleton is expected (Tasks 1–4), tasks during which the 
exoskeleton can potentially hinder the performance (Tasks 5–8) and 
tasks during which the exoskeleton can interfere with the range of 
motion (Tasks 9–12). The exoskeleton support was engaged only during 
tasks 1–4. In others tasks, the support was turned off using the clutch. At 
the same time, the present exoskeleton enables quick and effortless 
engagement and disengagement of the clutch by moving a small lever 
arm at the hip module. The selection of tasks was partially based on the 
list of tasks that are considered in the functional capacity evaluation 
(FCE, Isernhagen Work Systems), an assessment method that realisti-
cally and reliably judges work-related physical performance capacity, 
such as postural holding tasks, load lifting and 6-min walk (Reneman 
et al., 2004). Other tasks were added based on workplace observations, 
such as wide stance, stair climbing and ladder climbing. Furthermore, 
common tasks to assess the range of motion were taken into account, 

Fig. 1. The SPEXOR spinal exoskeleton being used for assistance during 
load lifting. 
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such as forward bending and rotation. Previous studies have indicated 
increased discomfort and perceived task difficulty during such tasks (i.e. 
tasks during which the support is not required) (Baltrusch et al., 2018). 
An overview of the tasks, as performed in this study, is provided in 
Table 1. Detailed descriptions of the tasks are provided below. 

2.3.1. Lifting 
Lifting was performed with a self-chosen technique. The instructions 

were to perform as many lifts as possible in 2 min. The dimensions of the 
box used in this study were 30 (w) � 30 (l) � 10 (h) cm. The box was 
placed on a solid wooden surface 25 cm from the floor (50 (w) � 50 (l) �
25 (h)), thus, the height of the handles was at 35 cm. The origin and 
destination of the box were fixed at the middle of the lifting surface (i.e. 
the middle of the box had to be placed approximately on the middle of 
the lifting surface, which was marked with a black tape). 

2.3.2. Load carrying 
Participants had to carry a load for 10 m as fast as possible, using the 

same box and load (20 kg) as in the Lifting task. Time was recorded only 
for the carrying, not the lifting, thus the participants were instructed to 
lift the load and prepare comfortably before the start of timed test. The 
start and end points were marked clearly with a tape. Running was not 
allowed. 

2.3.3. Postural tolerance tasks: Three-point kneeling position and forward 
bending 

Postural tolerance tasks involved performing a simple manual task in 
two different positions for 5 min. The first task (three-point kneeling) 
involved performing the task with one hand. The working hand was 
allowed to be changed, but at no point could both hands be used for rest/ 
support. The distance between the knee and the wrist of the supporting 
hand was 3 � participant’s palm length. Although this task is not ex-
pected to induce a large load to the back compared to static forward 
bending, Baltrusch et al. (2018) nevertheless found an improvement in 
perceived task difficulty and local discomfort during this task when 
wearing a supportive exoskeleton. For the second task (forward 
bending), participants had to perform the task with both hands, while 
assuming forward bend position. The height of the surface was set at the 
level of upper edge of the knee cap. At no point was the participant 
allowed to place any hand on the surface on his/her body to support the 
weight of the trunk. The manual task was to place small round paper 
pieces of one color in rows of 10. Participants were provided with 750 
pieces (5 colors, 150 pieces each). The pieces were circular, colored on 
both sides and ~0.5 cm in diameter. 

2.3.4. Sit-to-stand 
Sit-to-stand involved five consecutive repetitions of sitting-down and 

standing-up, with starting and ending in an upright position. Partici-
pants were instructed to execute the task as quickly as possible. The feet 
had to be lifted off the floor in seated position to ensure that participants 
did not exploit the elastic energy and ‘‘bounce’’ of the chair. Perfor-
mance time was recorded in addition to subjective discomfort and 
perceived task difficulty. Participants began with the task execution at 
their own will, not at the examiner’s cue. 

2.3.5. 6-Min walk 
Participants walked between a pair of cones were placed 10 m apart, 

with 1 m between the cones of each pair. The walking pattern was first 
demonstrated by the examiner. The number of laps completed was 
recorded with a 0.25 lap precision and converted into distance. 

2.3.6. Stair climbing 
Stair climbing task involved climbing 10 steps of stairs as fast as 

possible. The time recording was stopped when the participant assumed 
an upright standing position on a 10th step and both feet were in contact 
with the floor. Participants began the task at their own will, not at the 
examiner’s cue. In this study, the depth and height of the stairs was 10 
cm, and the width of the staircase was 110 cm. Participants were not 
allowed to touch the hand rails or to run. 

2.3.7. Ladder climbing 
The participants had to climb up and down a ladder with time being 

recorded. Participants started in an upright position on the floor, with 
the hands already touching the ladder. The task was to climb up to the 
level where both feet were on the 6th step, then immediately descend to 
the starting position. The time recording was stopped when both feet 
touched the ground again. The width of the steps was 31.5 cm, and the 
vertical distance between steps was 26 cm. 

2.3.8. Trunk rotation 
For this task, the participants assumed upright standing position and 

then rotated the trunk 5 times to each side smoothly (no breaks in be-
tween). The movement was demonstrated by the examiner. The par-
ticipants were informed and the examiner demonstrated that there that 
there should be no noticeable hip, knee or ankle rotation. 

2.3.9. Forward bending 
This task included three repetitions of forward bending, with the goal 

of reaching as low as possible with the tip of the fingers. Participants 
stood on a lifted surface and a measuring tape was fixed on a wall nearby 

Table 1 
List of the tasks, procedures and objective outcome measures.  

Test Procedure Objective outcome 
measure  

1 Load lifting Lifting a box of 20 kg, as many times 
as possible in 2 min. Lifting 
technique, feet position and lifting 
speed is not determined. 

Number of lifts in 2 
min  

2 Load carrying Carrying 20 kilos in a box for 10 m. 
Only carrying time is recorded. 
Lifting and lowering the load is 
excluded from the performance time. 

Performance time (s)  

3 PT1: 3 point 
kneeling 
position 

Holding 3-point kneeling position 
with one hand on the floor while 
performing simple manual task for 5 
min or exhaustion. Supporting hand 
is allowed to be changed. 

Total posture 
holding time (s)  

4 PT2: Static 
forward bending 

Standing with flexed trunk between 
30 and 60� (exact position was self- 
chosen) while performing simple 
manual task on a table at knee height 
for 5 min or exhaustion. 

Total posture 
holding time (s)  

5 6-Minute Walk 
Test 

Walking as far as possible in 6 min, 
using 10 � 2 meter surface. 

Walking Distance 
(m)  

6 Sit to stand Sitting down on a chair and getting 
up 5 times as fast as possible. 

Performance time (s)  

7 Stair Climbing Climbing up- and downstairs as fast 
as possible for 10 steps, without 
using the handrails. Time recording 
is stopped when both feet were on 
the floor at the starting place. 

Performance time (s)  

8 Ladder Climbing Climbing up and down a ladder (6 
steps) twice. Time recording stopped 
when both feet are on the floor again. 

Performance time (s)  

9 Trunk bending Bending forward as much as possible, 
knees fully extended. 

Distance fingertip to 
floor (cm)  

10 Wide Stance Standing with feet 20 cm apart, 
gradually increasing the inter-feet 
distance by 10 cm intervals. The 
measurement is valid if balance is 
maintained. 

Maximal distance 
between heels (cm)  

11 Trunk rotation Rotating the trunk 5 times to both 
side. 

None  

12 Squatting Squatting down to the floor 3 times 
in slow or moderate tempo, leaving 
the heels on the ground. 

None 

PT – Postural tolerance. 
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to allow the examiner to determine the reach. The score of 0 indicates 
reaching to the ground level (the level of provided surface, not the actual 
ground). Negative and positive values indicate the reach below and 
above surface, respectively. Participants were instructed to move slowly 
and to hold the final position for at least 1 s to count as valid. They were 
instructed not to flex the knees. The average reaching distance of the 
three repetitions was taken as a final quantitative performance score. 

2.3.10. Wide stance 
Participants were instructed to achieve the maximal inter-feet dis-

tance by abducting the hips, without losing balance. Participants were 
positioned with both feet just in front of a measuring tape. The width of 
the stance was determined as the distance between the midpoint of the 
heels. Participants were asked to assume the widest stance from which 
they were able to bring themselves back into starting position with both 
feet together without using the hands or falling over, otherwise the 
repetition was not valid. Three valid repetitions were performed, and 
the average was taken as a final quantitative performance score. 

2.3.11. Squatting 
Squatting task included three repetitions of squatting. Participants 

were instructed to go as low as possible. Only subjective discomfort and 
perceived task difficulty were assessed in this task. 

For this study, the battery of tests was slightly amended in contrast to 
the original protocol, as proposed by Baltrusch et al. In their study, the 
load lifting task involved single lifts with progressive increase of the load 
up to 23 kg. Since most of the participants were able to lift the highest 
load, a ceiling effect was reached. Therefore, instead of using single lifts 
with progression of the load, the task was changed to include 2 min of 
repetitive lifting instead, with the load set to 20 kg. 

Outcome measures included quantitative measures of performance 
(see Table 1) and subjective reports, which included local low back 
discomfort, general discomfort and perceived task difficulty. For the two 
postural tolerance tasks, the local low back discomfort was additionally 
assessed every 30 s, and at the end of the postural tolerance tasks, the 
participants also assessed local discomfort at several other body parts: 
chest, abdomen, upper back, left and right anterior thigh, and left and 
right posterior thigh. All subjective reports were reported by a mark on a 
10 cm visual analogue scale, with 0 indicating no discomfort or no 
difficulties, and 10 indicating severe discomfort or severe difficulties. 

2.4. Statistical analysis 

Statistical analysis was performed using SPSS (version 22.0, SPSS 
Inc., Chicago, USA) Descriptive statistics were calculated for all pa-
rameters and reported as mean � SD and as median with inter-quartile 
range for qualitative scores. For the quantitative test scores, two-way 
mixed single intra-class correlation coefficients (ICC3,1) with 95% 
confidence intervals were calculated, in order to determine the intra- 
and inter-session agreement. Reliability was interpreted as: fair (ICC 
0.40–0.59); moderate (ICC 0.60–0.74) good to excellent (ICC 0.75–1.00) 
(Fleiss, 1999). Within-individual variation was assessed using standard 
error of measurement (SEM) and coefficients of variation (CV% ¼
SEM/mean x 100). To test for potential systematic effects between the 
trials or sessions, repeated measures ANOVA was used, with 
Greenhouse-Geiser correction being applied when Mauchly’s sphericity 
test was statistically significant. For the assessment of the reliability of 
subjective outcomes, the Cronbach’s α (internal consistency) and 
Spearman correlation coefficient were calculated. The Cronbach’s α was 
interpreted as unacceptable (α < 0.5), poor (α ¼ 0.5–0.6), questionable 
(α ¼ 0.6–0.7), acceptable (α ¼ 0.7–0.8), good (α ¼ 0.8–0.9) or excellent 
(α > 0.9) (Fleiss, 1999). For Spearman correlation coefficient, we used 
the same critical values as for the ICC. To test for systematic error be-
tween trials, we used Wilcoxon signed rank test. The threshold for sta-
tistical significance was set to p < 0.05 for all analyses. 

3. Results 

3.1. Quantitative measures of performance 

Intra-session reliability was good or excellent (ICCs ¼ 0.79–0.94) for 
all tasks, except for load carrying (ICCs ¼ 0.70) and load lifting (ICCs ¼
0.74), for which the reliability was moderate. There was a systematic 
effect for ladder climbing task (p < 0.001), with participants performing 
better during the second trial (15.68 � 2.76 s) compared to the first trial 
(16.92 � 2.98 s). There were no systematic effects for other tasks (p ¼
0.076–0.674). 

Inter-session reliability was good or excellent for sit-stand (ICC ¼
0.87), 6-min walk (ICCs ¼ 0.83), trunk bending (ICCs ¼ 0.93) and wide 
stance (ICCs ¼ 0.84). Moderate reliability was found for stair climbing 
(ICCs ¼ 0.71), load carrying (ICCs ¼ 0.70) and ladder climbing (ICCs ¼
0.74). Poor reliability was found for load lifting task (ICCs ¼ 0.49). 
Systematic effects were found for sit-stand (p ¼ 0.046), load lifting (p ¼
0.002) and load carrying (p ¼ 0.017). For all of these tasks, better scores 
were achieved during the second visit. Detailed reliability results for 
quantitative performance outcomes are presented in Table 2. 

3.2. General discomfort 

Intra-session reliability of general discomfort assessments was high 
or excellent for most tasks (α ¼ 0.80). Acceptable reliability was found 
for stair climbing (α ¼ 0.75), and questionable reliability was found for 
load lifting (α ¼ 0.68). The only systematic effect was found for squat-
ting (p ¼ 0.025), with lower general discomfort scores reported after the 
second trial (3.46 � 2.43), compared to the first trial (4.47 � 2.28). 

Inter session reliability of general discomfort assessments was 
excellent for load carrying (α ¼ 0.90), sit-stand (α ¼ 0.91) and ladder 
climbing (α ¼ 0.92). Poor reliability was found for load lifting (α ¼
0.58), and questionable reliability was found for stair climbing (α ¼
0.67). Other tasks had acceptable or good reliability (α ¼ 0.70–0.85). 
There were systematic effects for 7 out of 12 tasks (p ¼ 0.003–0.043). 
The general discomfort scores were lower during the second visit for all 
of these tasks. Detailed results on general discomfort assessment are 
presented in Table 3. 

3.3. Local discomfort 

Intra-session reliability of local low back discomfort scores ranged 
from poor to excellent (Table 4). The lowest (poor or questionable) 
reliability was found for load lifting (α ¼ 0.69), sit-stand (α ¼ 0.69) and 
trunk bending (α ¼ 0.62). Excellent reliability was found for both 
postural tolerance tests (α ¼ 0.94–0.97). There were no intra-session 
systematic effects for local low back discomfort scores. 

Inter-session reliability of local low back discomfort scores ranged 
from questionable to good. In particular, questionable reliability was 
found for load lifting (α ¼ 0.69), stair climbing (α ¼ 0.68) and squatting 
(α ¼ 0.64). Other tasks had either acceptable or good reliability (see 
Table 4 for details). Systematic effect was present only for postural 
tolerance test in forward bend position, for which participants reported 
lower low back discomfort scores during second session (2.41 � 2.11), 
compared to the first session (3.65 � 3.21). 

Local low back discomfort assessed at the 30-s time intervals is 
presented in Fig. 2. For the 3-point kneeling tasks, there were no sys-
tematic differences between the trials in the first session (p ¼
0.172–0.877) or between the sessions (p ¼ 0.092–0.512). For the for-
ward bend task, there was a significant intra-session difference at the 
first time mark (p ¼ 0.046). However, the local discomfort scores were 
statistically significantly lower during the second session for all time 
points (p ¼ 0.006–0.027), except for the final time mark (p ¼ 0.055). 

Local discomfort scores for other body parts that were also reported 
for postural tolerance tasks are depicted in Fig. 3. For the 3-point 
kneeling task, there were statistically significantly lower discomfort 

�Z. Kozinc et al.                                                                                                                                                                                                                                  



Applied Ergonomics 86 (2020) 103117

5

scores reported at the abdomen (p ¼ 0.036), left front thigh (p ¼ 0.030) 
and right front thigh (p ¼ 0.004) when comparing trials within the first 
session. There were no inter-session systematic effects (p ¼
0.062–0.512). For the forward bend task, there were no intra-session 
systematic effects (p ¼ 0.107–0.903), however, there were statistically 
significant lower local discomfort scores reported during the second 
session for lower back (p ¼ 0.045) and left front thigh (p ¼ 0.024). 

3.4. Task difficulty 

Intra-session reliability of task difficulty assessment was good or 
excellent (α ¼ 0.85–0.98) for most tasks, with the exception of ladder 
climbing (α ¼ 0.77) and trunk rotation (α ¼ 0.73). Systematic effect was 
present only for load carrying (p ¼ 0.031), with lower task difficulty 
scores being reported during the second trial (2.24 � 1.49), compared to 
the first trial (2.89 � 1.71). 

Inter-session reliability ranged from acceptable to excellent (α ¼

0.73–0.97), with the exception of sit-stand task, which had poor reli-
ability of task difficult scores (α ¼ 0.61). Systematic effects were present 
for load carrying (p ¼ 0.005), squatting (p ¼ 0.045) and forward bend 
postural tolerance test (p ¼ 0.027). For all of these tasks, lower difficulty 
was reported during the second visit. Detailed results regarding the 
reliability of task difficulty assessment is provided in Table 5. 

4. Discussion 

The purpose of this study was to examine the reliability of a battery 
of tests for functional evaluation of spinal exoskeletons, in order to 
provide developers in the field of robotics with a reliable and easy-to-use 
assessment tool, that could represent an important addition to the more 
detailed and specific biomechanical measurements that are commonly 
performed to assess the effects of exoskeletons. In general, most of the 
outcome measures were acceptably or highly reliable within the session, 
and acceptably reliable between the sessions. There was a trend of some 

Table 2 
Reliability results of quantitative performance outcomes.    

Trial 1 Trial 2 Reliability ANOVA 

Mean � SD Mean � SD ICCs 95%CI SEM CV% F p 

Intra-session Load lifting (lifts) 22.95 � 4.35 24.63 � 5.25 0.74 (0.41–0.89) 1.08 26.08 5.32 0.331 
Load carrying (s) 6.98 � 1.13 6.68 � 0.70 0.71 (0.38–0.87) 0.61 12.61 3.54 0.076 
6-min walk (m) 543.42 � 52.97 554.74 � 62.37 0.79 (0.55–0.91) 24.24 24.98 1.82 0.193 
Sit-to-stand (s) 10.09 � 2.29 9.93 � 2.18 0.92 (0.81–0.96) 0.64 19.05 0.57 0.459 
Stair climbing (s) 9.99 � 1.69 9.72 � 1.18 0.80 (0.56–0.91) 0.76 14.77 1.71 0.207 
Ladder climbing (s) 16.92 � 2.98 15.68 � 2.76 0.83 (0.27–94) 1.23 16.01 17.8 0.001 
Trunk bending (cm) 4.00 � 9.83 5.37 � 9.87 0.94 (0.91–0.98) 2.41 5.75 3.26 0.088 
Wide stance (cm) 152.89 � 16.27 153.68 � 17.15 0.88 (0.73–0.95) 5.64 30.16 0.18 0.674 

Inter-session Load lifting (lifts) 22.95 � 4.35 26.58 � 5.52 0.49 (0.05–0.78) 1.51 18.80 13.4 0.002 
Load carrying (s) 6.98 � 1.13 6.57 � 0.77 0.70 (0.31–0.87) 0.62 12.52 6.97 0.017 
6-min walk (m) 543.42 � 52.97 555.26 � 50.89 0.83 (0.60–0.93) 21.81 27.24 3.15 0.093 
Sit-to-stand (s) 10.09 � 2.29 9.63 � 1.74 0.87 (0.68–0.95) 0.83 14.32 4.58 0.046 
Stair climbing (s) 9.99 � 1.69 9.68 � 1.11 0.71 (0.38–0.87) 0.91 12.19 1.56 0.228 
Ladder climbing (s) 16.92 � 2.98 15.10 � 2.68 0.74 (0.03–0.92) 1.52 12.89 36.8 0.001 
Trunk bending (cm) 4.00 � 9.83 5.11 � 10.41 0.93 (0.83–0.97) 2.60 5.53 1.71 0.207 
Wide stance (cm) 152.89 � 16.27 153.16 � 15.29 0.84 (0.64–0.93) 6.51 25.84 0.02 0.889 

SD – Standard deviation; ICC – Intra-class correlation coefficient (single measures); SEM – standard error of measurement; CV – coefficient of variation. 

Table 3 
Reliability results for general discomfort scores.    

Trial 1 Trial 2 Reliability Systematic effects 

Mean � SD Mean � SD α ρ Z p 

Intra-session Load lifting 4.96 � 2.34 4.40 � 2.09 0.68 0.56 1.25 0.264 
Load carrying 3.91 � 2.44 3.35 � 2.71 0.91 0.71 2.38 0.123 
Postural tolerance 1 – 3-point kneeling 3.51 � 1.87 3.15 � 1.69 0.82 0.71 1.22 0.268 
Postural tolerance 1 – Forward bend 3.74 � 2.08 3.47 � 1.93 0.88 0.76 0.79 0.373 
6-min walk 4.11 � 2.13 3.57 � 2.29 0.90 0.83 2.86 0.091 
Sit-to-stand 3.06 � 2.39 3.26 � 2.45 0.92 0.68 0.46 0.498 
Stair climbing 3.19 � 2.18 3.26 � 2.73 0.75 0.65 0.02 0.899 
Ladder climbing 3.53 � 2.05 3.23 � 2.54 0.92 0.81 1.07 0.301 
Trunk bending 3.52 � 2.40 3.28 � 2.52 0.92 0.72 0.61 0.435 
Wide stance 3.18 � 2.42 2.78 � 2.55 0.83 0.67 0.83 0.361 
Trunk rotation 2.98 � 2.09 2.97 � 2.41 0.91 0.76 0.01 0.956 
Squatting 4.47 � 2.28 3.46 � 2.43 0.84 0.68 5.03 0.025 

Inter-session Load lifting 4.96 � 2.34 3.47 � 2.33 0.58 0.31 5.06 0.024 
Load carrying 3.91 � 2.44 2.63 � 2.19 0.90 0.77 9.05 0.003 
Postural tolerance 1 – 3-point kneeling 3.51 � 1.87 2.61 � 1.92 0.73 0.46 4.08 0.043 
Postural tolerance 1 – Forward bend 3.74 � 2.08 2.91 � 1.63 0.72 0.61 3.63 0.057 
6-min walk 4.11 � 2.13 2.83 � 2.17 0.83 0.67 7.59 0.006 
Sit-to-stand 3.06 � 2.39 2.39 � 2.26 0.91 0.54 3.95 0.047 
Stair climbing 3.19 � 2.18 2.68 � 2.17 0.67 0.58 1.08 0.299 
Ladder climbing 3.53 � 2.05 2.91 � 2.32 0.92 0.63 4.37 0.036 
Trunk bending 3.52 � 2.40 2.68 � 2.05 0.70 0.72 2.65 0.104 
Wide stance 3.18 � 2.42 2.54 � 2.18 0.83 0.64 2.32 0.127 
Trunk rotation 2.98 � 2.09 2.73 � 2.20 0.85 0.67 0.51 0.473 
Squatting 4.47 � 2.28 2.92 � 2.14 0.73 0.54 7.23 0.007 

SD – Standard deviation; α – Cronbach’s alpha coefficient; ρ – Spearman’s correlation coefficient; Z – Wilcoxon test statistics; p – probability value. 

�Z. Kozinc et al.                                                                                                                                                                                                                                  



Applied Ergonomics 86 (2020) 103117

6

systematic effects, particularly between the sessions, for participants to 
report lower discomfort scores and task difficulty. The novel battery of 
tests is an easy-to-use tool for functional assessment, however, caution is 

needed when interpreting the outcome of individual tasks, particularly 
when assessing long-term differences. 

4.1. Quantitative performance outcomes 

Quantitative performance scores were generally reliable, with the 

Table 4 
Reliability results for local low back discomfort scores.    

Trial 1 Trial 2 Reliability Systematic effect 

Mean � SD Mean � SD α ρ Z p 

Intra-session Load lifting 2.28 � 2.26 2.11 � 1.85 0.69 0.54 0.15 0.690 
Load carrying 1.04 � 1.21 1.03 � 0.95 0.77 0.52 0.01 0.960 
Postural tolerance 1 – 3-point kneeling 1.77 � 1.42 1.88 � 1.72 0.94 0.907 0.43 0.511 
Postural tolerance 1 – Forward bend 3.65 � 3.21 3.56 � 3.29 0.97 0.885 0.16 0.682 
6-min walk 0.58 � 0.60 0.74 � 0.91 0.79 0.606 1.14 0.285 
Sit-to-stand 0.96 � 1.47 0.82 � 0.66 0.59 0.72 0.28 0.592 
Stair climbing 0.67 � 0.64 0.69 � 0.73 0.73 0.456 0.02 0.880 
Ladder climbing 0.73 � 0.91 0.71 � 1.04 0.73 0.77 0.00 0.937 
Trunk bending 0.82 � 0.83 1.18 � 1.47 0.62 0.63 1.57 0.210 
Wide stance 0.50 � 0.60 0.51 � 0.62 0.86 0.77 0.01 0.912 
Trunk rotation 0.45 � 0.51 0.67 � 0.85 0.81 0.85 2.58 0.108 
Squatting 0.65 � 0.73 0.85 � 0.99 0.71 0.73 1.05 0.304 

Inter-session Load lifting 2.28 � 2.26 1.35 � 1.59 0.69 0.61 3.91 0.480 
Load carrying 1.04 � 1.21 0.59 � 0.68 0.83 0.57 5.49 0.190 
Postural tolerance 1 – 3-point kneeling 1.77 � 1.42 1.45 � 1.47 0.89 0.813 2.30 0.129 
Postural tolerance 1 – Forward bend 3.65 � 3.21 2.41 � 2.11 0.76 0.64 4.26 0.039 
6-min walk 0.58 � 0.60 0.53 � 0.67 0.70 0.702 0.11 0.730 
Sit-to-stand 0.96 � 1.47 0.77 � 0.93 0.71 0.85 0.54 0.459 
Stair climbing 0.67 � 0.64 0.75 � 1.40 0.68 0.536 0.11 0.740 
Ladder climbing 0.73 � 0.91 0.78 � 1.13 0.74 0.64 0.06 0.800 
Trunk bending 0.82 � 0.83 0.74 � 1.09 0.79 0.74 0.19 0.659 
Wide stance 0.50 � 0.60 0.62 � 0.96 0.70 0.664 0.45 0.502 
Trunk rotation 0.45 � 0.51 0.46 � 0.52 0.87 0.56 0.01 0.891 
Squatting 0.65 � 0.73 0.83 � 0.85 0.64 0.58 0.88 0.347 

SD – Standard deviation; α – Cronbach’s alpha coefficient; ρ – Spearman’s correlation coefficient; Z – Wilcoxon test statistics; p – probability value. 

Fig. 2. Local low back discomfort scores throughout both postural tolerance 
tests are depicted for first ( � ) and second (□) trial during the first session, and 
for the second session (○). 

Fig. 3. Local discomfort reported for various body parts during postural 
tolerance tasks. *denotes statistically significant systematic effect. 
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exception of the load lifting task, which had poor reliability between the 
sessions. This task was changed relative to the original protocol of Bal-
trusch et al., because a ceiling effect was observed during our previous 
experiments. Given that a systematic effect was also found for the lifting 
task between the sessions in the present study, the quantitative outcome 
of this particular task cannot be recommended for longitudinal evalua-
tion of effects of exoskeletons. However, all tasks including load lifting 
are sufficiently reliable within the session allowing for the assessment of 
the acute effects of exoskeletons. Caution is advised with respect to 
potential systematic effects, as there seems to be a trend for participant 
performing better during later trials in several tasks. Better inter-session 
reliability could be perhaps achieved with different prescription of the 
load, and additional practice trials, since it can take substantial time for 
the individual to find his/her optimal pacing of the lifting. These two 
options, however, remain to be investigated. 

4.2. General discomfort 

General discomfort scores mostly had high or acceptable reliability. 
The lowest reliability, both for within- and between-session comparison, 
was again found for the load lifting task. Within the session, there were 
very few systematic effects. However, systematic effects were reported 
between the session for 7 out of 12 tasks. There was a clear trend for 
lower general discomfort scores during the second session. In conclu-
sion, general discomfort assessment is sufficiently reliable to assess the 
acute effects of the exoskeleton, however, lower scores are expected 
after long-term use, possibly due to the familiarization and higher 
tolerance of the device. 

4.3. Local discomfort 

Local low back discomfort scores were mostly highly or acceptably 
reliable both within- and between-session. The load lifting task was 
again among those with lower reliability. Local discomfort scores were 
very low in general (0–2), with the exception of load lifting and postural 
tolerance test in forward bend position. There were no systematic ef-
fects, except the significantly lower score (� 66%) during postural 
tolerance test in forward bend during second session. Local low back 

discomfort was also assessed at 30-s time intervals during both postural 
tolerance tests. While the results were very similar between all trials for 
3-point kneeling task, the scores were systematically lower during the 
second session, compared to first trial of the first session. Caution is 
needed when interpreting the local low back discomfort. The reliability 
of this assessment in LBP patients could be significantly different and 
needs to be established in future research. While good or high reliability 
of various self-reported assessment tools related to current LBP have 
been reported before (Holm et al., 2003; Jacob et al., 2001), the reli-
ability of self-assessed low back discomfort in LBP patients remains 
unknown. 

During the postural tolerance tests, the participants also reported 
local discomfort at other body parts. For the 3-point kneeling tasks, there 
were statistically significant differences within the first session for 
abdomen and front thigh, but no differences between the sessions. For 
the forward bend task, there were no systematic effects within the ses-
sion, however, statistically significantly lower scores were reported for 
lower back and left front thigh. The local discomfort scores seem 
acceptably reliable, with caution being recommended for interpreting 
the scores for certain body parts, for which the systematic effects were 
found. 

4.4. Task difficulty 

Task difficulty scores were mostly highly reliable within and be-
tween sessions. The only systematic effect within the session was found 
for load carrying. Between the sessions, a systematic effect was observed 
for load carrying and two other tasks (squatting and postural tolerance 
during forward bending) also had systematic effects between sessions, 
with lower difficulty scores always reported during the second session. 

4.5. Possible sources of error 

The systematic effects for quantitative performance outcomes could 
perhaps be attributed to learning effects. Among the tasks that presented 
with systematic effects of quantitative performance scores, only sit- 
stand was studied before. Studying the community dwelling elders 
(Schaubert and Bohannon, 2005), it was reported that sit-stand test is 

Table 5 
Reliability results for task difficulty scores.    

Trial 1 Trial 2 Reliability Systematic effects 

Mean � SD Mean � SD α ρ Z p 

Intra-session Load lifting 4.33 � 2.53 3.96 � 2.38 0.86 0.69 0.88 0.349 
Load carrying 2.89 � 1.71 2.25 � 1.49 0.85 0.74 4.68 0.031 
Postural tolerance 1 – 3-point kneeling 2.42 � 1.96 2.38 � 1.68 0.91 0.74 0.03 0.855 
Postural tolerance 1 – Forward bend 4.69 � 2.86 4.08 � 2.48 0.94 0.90 3.79 0.052 
6-min walk 0.98 � 1.42 1.01 � 1.23 0.90 0.92 0.02 0.884 
Sit-to-stand 1.70 � 2.34 1.49 � 1.66 0.95 0.91 1.13 0.289 
Stair climbing 0.91 � 1.25 0.97 � 1.35 0.95 0.53 0.19 0.664 
Ladder climbing 1.44 � 1.51 1.38 � 1.74 0.77 0.68 0.04 0.840 
Trunk bending 1.25 � 1.78 1.42 � 1.91 0.93 0.91 0.68 0.408 
Wide stance 1.49 � 1.74 1.54 � 1.80 0.98 0.88 0.15 0.697 
Trunk rotation 0.72 � 1.69 0.47 � 0.72 0.73 0.60 0.78 0.379 
Squatting 1.25 � 1.40 1.34 � 1.49 0.96 0.88 0.53 0.468 

Inter-session Load lifting 4.33 � 2.53 3.57 � 2.21 0.79 0.58 2.50 0.114 
Load carrying 2.89 � 1.71 1.69 � 1.42 0.73 0.45 8.04 0.005 
Postural tolerance 1 – 3-point kneeling 2.42 � 1.96 2.06 � 1.63 0.79 0.44 1.13 0.287 
Postural tolerance 1 – Forward bend 4.69 � 2.86 3.64 � 2.64 0.87 0.76 4.92 0.027 
Sit-to-stand 1.70 � 2.34 1.28 � 1.68 0.61 0.63 0.74 0.390 
6-min walk 0.98 � 1.42 0.90 � 1.54 0.92 0.81 0.19 0.666 
Stair climbing 0.91 � 1.25 0.96 � 1.58 0.95 0.32 0.11 0.745 
Ladder climbing 1.44 � 1.51 1.17 � 1.21 0.80 0.59 1.14 0.285 
Trunk bending 1.25 � 1.78 1.27 � 1.91 0.97 0.76 0.02 0.879 
Wide stance 1.49 � 1.74 1.52 � 2.05 0.94 0.79 0.01 0.918 
Trunk rotation 0.72 � 1.69 0.38 � 0.67 0.80 0.70 1.79 0.181 
Squatting 1.25 � 1.40 1.01 � 1.27 0.97 0.76 4.02 0.045 

SD – Standard deviation; α – Cronbach’s alpha coefficient; ρ – Spearman’s correlation coefficient; Z – Wilcoxon test statistics; p – probability value. 

�Z. Kozinc et al.                                                                                                                                                                                                                                  



Applied Ergonomics 86 (2020) 103117

8

highly reliable (ICC ¼ 0.82), however, systematic effect of the same 
direction, but larger magnitude compared to our results, was reported. 
To improve the reliability of the quantitative performance scores, 
practice trials should be given when possible. To minimize the effects of 
systematic differences, the order of the tasks, as well as conditions (e.g. 
performing the task with and without the exoskeleton) should be ran-
domized in future studies. 

Subjective outcomes tended toward lower discomfort or lower task 
difficulty during later trials. In particular, lowered discomfort scores in 
later trials indicate that the tolerance of the device increases with time of 
use. However, it remains unknown how the scores would change with 
longer-use (e.g. though a work shift.) The decrease in perceived task 
difficulty could be attributed to learning effects. While familiarization 
trials and familiarization period with the device could be possible so-
lutions to minimize these effects. However, further research is needed to 
explore how many test trials should be done and how long the famil-
iarization with the device should be in order for the outcome to become 
as reliable as possible. The reliability of visual analogue scales appears to 
be high for assessment of pain (Bijur et al., 2001) and fatigue (Kos et al., 
2017). It seems unlikely that the choice of the scale would significantly 
affect the reliability of the tests. The results of the present study were 
similar to those in our previous study, during which we used 0–10 verbal 
report scale. 

4.6. Limitations 

Several limitations concerning this study should be addressed. First, 
the experiment was conducted with healthy participants. Therefore, the 
results cannot be generalized to other populations, such as patients with 
chronic LPB, who can be seen as one of the potential end-user groups of 
the spinal exoskeletons. Second, we did not assess the inter-observer 
reliability in the present study. A single examiner assessed the quanti-
tative performance outcomes and provided the instructions to the par-
ticipants. Additional study is needed to assess whether different 
examiners would affect the reliability of the results. The experiment was 
performed in a laboratory environment. Therefore, the reliability for 
none of the outcome measures is known when the tasks are performed in 
a real-life environment. The exoskeleton used for the testing enabled a 
disengagement of the support in-between tasks. The response to other 
devices that do not enable the support to be ‘‘turned off’‘, could be 
potentially different in terms of reliability. Finally, we used the SPEXOR 
trunk exoskeleton, which is still in a prototype phase and is not yet 
commercially available. However, the authors chose this particular 
exoskeleton, because it represents the current state-of-the-art in trunk 
exoskeletons. 

5. Conclusion 

The purpose of this study was to assess reliability of an easy-to-use 
tool for functional assessment of spinal exoskeletons. Most of the 
outcome measures of the presented battery of tests showed good to 
excellent reliability. However, the presence of systematic errors and 
lower reliability scores in some tasks warrants some caution when 
examining the effects of exoskeleton using the novel battery of tests, 
proposed in this study. Since the reliability is lower between the session, 
particular caution is needed when assessing the long-term effects of the 
exoskeletons. Providing trial tasks to minimize learning is a potential 
solution to improve reliability, however, further research is needed to 
investigate this. Moreover, it needs to be emphasized that this battery of 
tests should not be used as a stand-alone tool for comparison of exo-
skeletons, as it could potentially lead to somewhat misleading results. 
The evaluation of the exoskeletons should include other testing ap-
proaches, such as detailed biomechanical testing and physiological 
testing (e.g. monitoring metabolic cost when wearing the exoskeleton). 
With the above in mind, the present battery of tests represents an easy- 
to-use tool that could serve as an important source of feedback to the 

exoskeleton developers and could represent an important complemen-
tary tool to the conventional biomechanical and physiological assess-
ments of the exoskeletons. 
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