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Background: Optical motion capture is a powerful tool for assessing upper body kinematics, including com-
pensatory movements, in different populations. However, the lack of a standardized protocol with clear func-
tional relevance hinders its clinical acceptance.

Research question: The objective of this study was to use motion capture to: (1) characterize angular joint ki-
nematics in a normative population performing two complex, yet standardized upper limb tasks with clear
functional relevance; and (2) assess the protocol’s intra-rater reliability.

Methods: Twenty non-disabled adults performed the previously developed Pasta Box Task and Cup Transfer
Task. The kinematics of the upper body were captured using an optoelectronic motion capture system and rigid
plates with reflective markers. Angular joint trajectories, peak angle, range of motion (RoM), and peak angular
velocity were extracted for the trunk, shoulder, elbow, forearm, and wrist. Intra-class correlation was used to
assess the intra-rater reliability of the kinematic measures.

Results: Both tasks required minimal trunk motion. Cross-body movements required greater RoM at the trunk,
shoulder, and elbow joints compared to movements in front of the body. Reaches to objects further away from
the body required greater trunk and elbow joint RoM compared to reaches to objects closer to the body.
Transporting the box of pasta required the wrist to maintain an extended position. The two different grasp
patterns in the Cup Transfer Task forced the wrist into a flexed and ulnar-deviated position for the near cup, and
an extended and radial-deviated position for the far cup. For both tasks, the majority of measures displayed intra-
class correlation values above 0.75, indicating good reliability.

Significance: Our protocol and functional tasks elicit a degree of movement sensitivity that is not available in
current clinical assessments. Our study also provides a comprehensive dataset that can serve as a normative
benchmark for quantifying movement compensations following impairment.

Outcome measures
Upper body kinematics

1. Introduction

Sensorimotor dysfunction of the upper limb is common for a wide
variety of disorders, ranging from stroke [1] to amputation [2]. Im-
pairments in arm function disrupt normal reach and grasp, altering
typical movement patterns at the elbow, shoulder, and trunk [3]. These
motor compensations [4,5] can be maladaptive and result in

musculoskeletal pain or overuse injuries [4]. Current best practice for
preventing overuse injuries includes early symptom detection and
treatment, retraining proper movement patterns, and lifestyle changes
[6]. However, to prescribe and evaluate restorative interventions, it is
critical to be able to accurately assess limb use patterns and to char-
acterize underlying motor strategies.

Several upper limb performance tests exist that are designed to
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assess global upper limb function [7,8]; however, they do not quantify
specific changes in joint movement [9]. An effective method of quan-
tifying upper limb movement is to use motion capture for tracking
upper body segments [10]. Analysis of the three-dimensional (3D) an-
gular kinematics provides insight into limb use patterns and underlying
motor control strategies. Specifically, range of motion (RoM) has shown
to indicate active joint range, motor control, muscle power, and an
individual’s ability to complete a task [11]. RoM has been used in non-
disabled individuals [12] and those with impairments [13] to quantify
proximal joint adaptations required to successfully complete a task [5],
and to identify altered movement strategies with different interventions
[14]. In addition to RoM, other clinically meaningful outputs of 3D
kinematic analysis include joint angle profiles [5,9,14], peak joint angle
needed for task completion [15], and peak angular velocity [13]. Joint
angle profiles allow to visualize limb movement patterns. Given that
upper limb movement is not cyclical, many different joint movement
strategies can be selected to successfully complete a task, which is re-
flected in joint angle profiles [5]. Peak joint angle is indicative of the
extreme of joint movement required for a given task. This measure also
allows to see the direction of compensation among individuals with
impairments [13,15]. Finally, peak angular velocity is a valuable
measure to investigate muscle torque production [16] and has been
found to be the best measure to discriminate between non-disabled
individuals and those who have suffered a stroke [13]. Integrating these
kinematic measures into the assessment of populations with upper limb
impairments can allow accurate quantification of movement compen-
sations during specific tasks.

Due to the complexity of upper body movement and the ability to
complete a task using variable strategies, comparison across studies is,
however, difficult [17]. Most studies employ different kinematic pro-
tocols, including a variety of movement tasks and marker sets [12,18],
and lack distinct, clinically based assessment routines [9]. The devel-
opment of reliable kinematic protocols for assessing goal-oriented
functional movements is important for clinical practice [9] — as such
protocols can lead to a wider use of motion capture in clinical en-
vironments. Protocols must also exhibit consistency and reliability
[9,17], and establish a normative dataset in controls [9].

In the interest of developing a reliable, ecologically valid upper limb
kinematic assessment with clinical relevance, we have previously de-
veloped a task protocol using optoelectronic motion capture and a
simple-to-use cluster marker set [19] for two standardized functional
tasks [20]. The tasks incorporate complex movements, fulfilling clin-
icians’ goals to simulate real-world environments. Secondly, the func-
tional task movements, while complex, are highly standardized and
constrained, allowing segmentation into simple movement phases for
meaningful 3D kinematic analysis. Thirdly, our tasks elicit multi-
dimensional movements of the entire upper limb kinematic chain, such
as cross-body movements, reaching to different heights, and arm rota-
tions, to challenge various upper limb impairments. A previous study by
Valevicius et al. used this novel protocol to demonstrate the reliability
of hand kinematics in non-disabled individuals, including hand trajec-
tory, hand velocity, and grip aperture [20]. However, this protocol has
not yet been applied to fully characterize the movement of the upper
body’s kinematic chain.

In this light, the purpose of the present study was to: (1) char-
acterize normative angular kinematics, namely angular joint trajec-
tories, peak joint angle, RoM, and peak angular velocity, for the two
standardized functional tasks that fulfill the abovementioned require-
ments [20]; and (2) assess the intra-rater reliability for peak angle,
RoM, and peak angular velocity. Developing a consistent and re-
peatable test protocol for motion capture of angular kinematics will
allow its future application to a variety of upper limb sensorimotor
impairments relative to an established normative dataset.
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2. Methods
2.1. Study participants

Twenty non-disabled individuals (9 females and 11 males; 18 right-
handed and 2 left-handed; age 25.8 + 7.2 years; height
173.8 = 8.3 cm) participated in the study. Participants had no upper
body pathology or history of neurological or musculoskeletal injury in
the past two years. They provided written informed consent to the
experimental procedures, which were approved by the University of
Alberta Health Research Ethics Board (Pro00054011), the Department
of the Navy Human Research Protection Program (DON-HRPP), and the
SSC-Pacific Human Research Protection Office (SSCPAC HRPO).

2.2. Experimental setup and procedures

3D marker trajectories were collected at 120 Hz using a 12-camera
Vicon Bonita motion capture system (Vicon Motion Systems Ltd,
Oxford, UK). A Clusters Only kinematic model previously described in
Boser et al. was used in the present study [19]. Rigid plates with three
or four 11 mm reflective markers were attached to the following upper
body segments using hypo-allergenic, double-sided tape: pelvis, trunk,
upper arms, forearms (with four markers on each plate), and hands
(with three markers on each plate) (Supplementary Material, Fig. S1 &
Table S1). A specific calibration pose was recorded prior to data col-
lection. This calibration pose was required to align the axes of rotation
of the upper body segments with the global coordinate system. The
participant was asked to stand in a modified anatomical pose where the
shoulder was at zero degrees of abduction, and the axes passing through
the epicondyles and radial and ulnar styloids where aligned with the
frontal plane [19].

Two standardized functional upper limb tasks, the Pasta Box Task
and Cup Transfer Task (Supplementary Material, Fig. S2), were used in
this protocol [20]. For the Pasta Box Task, participants had to reach for
a box of pasta positioned on the right-hand side of their body, pick it up
and move it to a shelf directly in front of them (Movement 1). They then
had to return their hand to the initial ‘Home’ (start) position, reach for
the box of pasta again, pick it up, and move it to a higher shelf on the
left-hand side of their body (Movement 2), thereby crossing the body’s
midline. Finally, they had to return their hand to ‘Home’, reach for the
box of pasta again, pick it up, and move it to its initial location on the
right-hand side of their body (Movement 3). For the Cup Transfer Task,
participants had to pick up the first cup positioned in the near area of
the box on the right side and move it over a partition to a target location
on the left side of the box, grasping the top of the cup (Movement 1).
Next, they had to pick up a second cup from its initial location in the far
area of the right side of the box and move it over the partition to a
target location on the left side of the box, using a side grasp (Movement
2). Participants then had to return their hand to the initial ‘Home’ po-
sition and repeat the sequence in reverse, moving the far cup on the left
side back over to the right-side starting position (Movement 3), and then
the near cup from the left side back over to the starting position on the
right (Movement 4). The cups were compliant (Dixie” Consumer Pro-
ducts LLC, Atlanta, USA) and filled with therapeutic beads to add an
element of risk (spillage) and to require grasp force modulation. For
both tasks, the ‘Home’ position was standardized by attaching it along
the near edge of the table top, exactly 12.5” to the right of the table
top’s center line. Participants started both tasks with their hand at rest
on the ‘Home’ position. Throughout the task, they were simply required
to touch the ‘Home’ position with their hand between ‘Movements’ and
not necessarily come to a complete rest. Task order was block-rando-
mized, with ten participants starting with the Pasta Box Task and ten
with the Cup Transfer Task. If an error occurred during a trial, the error
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type was recorded, and that trial marked as unsuccessful. Each parti-
cipant completed the tasks until 20 successful attempts were recorded.
Ten participants (5 females and 5 males; 9 right-handed and 1 left-
handed; age 26.4 = 6.9 years; height 173 = 9cm) returned for a
second testing session several months (7.5 months = 11 days) after the
initial testing, to assess the intra-rater reliability of the obtained kine-
matic measures. Repeat sessions were administered by the same as-
sessor as for the initial session.

2.3. Experimental data analysis

Marker data were filtered using a 2°¢ order, low-pass Butterworth
filter with a cutoff frequency of 6 Hz [10]. Filtered marker data were
used to calculate 3D angular joint kinematics. Global and local co-
ordinate systems, Cardan angle rotation sequence, and joint angle
computations were implemented following the procedures in Boser
et al. [19]. Ten degrees of freedom (DOF) were included in the analysis:
trunk flexion/extension, lateral bending, and axial rotation; shoulder
flexion/extension, abduction/adduction, and internal/external rota-
tion; elbow flexion/extension and forearm pronation/supination; and
wrist flexion/extension and ulnar/radial deviation. The overall, average
joint angle trajectories with between-participant standard deviation
bands were plotted for each DOF studied. Peak joint angle, RoM, and
peak angular velocity values were extracted from joint angle time series
of individual trials.

Using hand velocity, object velocity, and grip aperture, trial data
were segmented into reach, grasp, transport, and release phases and
time-normalized following the procedures in Valevicius et al. [20].
Each phase was illustrated in a different color in the figures, to enhance
visual interpretation. For the purpose of 3D kinematic analysis, data
were analyzed by ‘Movement’, consisting of a set of reach, grasp,
transport, and release phases. The ‘Return to Home’ motion after spe-
cific movements was not considered a phase within a ‘Movement’ and
was therefore not included in the analysis; however, this motion was
still included in the graphical presentation of the angular kinematics
using a different color. The Pasta Box Task and Cup Transfer Task were
comprised of 3 and 4 movements, respectively.

2.4. Statistical analysis

Statistical analysis was completed using the SPSS software (IBM
Corporation, Armonk, NY, USA). Intra-rater reliability was assessed by
calculating the intra-class correlation (ICC) for model (2,k), the stan-
dard error of measurement (SEM), and the minimal detectable change
(MDC) [21] between the first and second session of the ten returning
participants. SEM was calculated as the square root of the mean square
error term from the analysis of variance [21]. MDC was calculated
using the equation MDC=SEM « 1.96 « J2, where 1.96 is the z-score
associated with the 95% confidence interval [21]. ICC, SEM, and MDC
values were obtained for peak joint angle, RoM, and peak angular ve-
locity. ICC values above 0.90 were considered to show reasonable
agreement for clinical measurements, above 0.75 good reliability, and
below 0.75 poor to moderate reliability [22]. F-Tests (p < 0.05) were
performed to check for the validity of the ICC values.

3. Results
3.1. Pasta Box Task

Angular joint trajectories for the Pasta Box Task are shown in Fig. 1.
The mean peak angle, RoM, and peak angular velocity, along with their
between-participant standard deviation and within-participant varia-
bility, are listed for each movement of the Pasta Box Task in Table 1.
There was very little trunk flexion/extension across all movements,
withonly4 * 1to5 * 2 degrees of RoM. The trunk distinctly bended
and rotated to the right during Movement 1 reach and Movement 3
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transport (to the side table), whereas, during Movement 2 transport and
Movement 3 reach (across the body), the trunk distinctly bended and
rotated to the left (Fig. 1). All three movements started with the
shoulder in a near neutral position, reaching peak flexion when
grasping (67 = 11 degrees) or releasing (65 = 12 degrees) the box on
the raised shelves in front of the participant. The same was observed for
peak shoulder internal rotation values (34 + 11 degrees), particularly
for movements to the second shelf requiring a cross-body reach. The
shoulder maintained a mostly abducted position throughout the task,
with peak shoulder abduction occurring during Movement 1 reach
(=25 * 7 degrees) when picking up the box of pasta from the side
table. Greater than 90 degrees of peak elbow flexion was required to
transport the box of pasta (Fig. 1). When grasping or releasing the box,
the elbow was closer to full extension (minimum flexion angle: 15 = 8
degrees). Each movement started with the forearm in a pronated po-
sition and progressively supinated throughout the reach. Movement 3
required the greatest range of pronation/supination (90 + 16 de-
grees). The wrist was in extension for the entirety of the task, with the
least amount of wrist extension displayed during Movement 2 transport
(=11 * 14 degrees). Reaching for the box on the cart shelves required
wrist ulnar deviation (peak angle: 19 *+ 8 degrees) and placing the box
back on the side table required wrist radial deviation (peak angle:
-12 + 7 degrees). Trunk DOFs displayed the lowest angular velocities
(14 = 4 to 60 = 11 degrees/sec). For shoulder, elbow, and wrist
joints, flexion/extension movement displayed the largest peak angular
velocities, indicating faster angular changes in the sagittal plane of
motion. Overall, largest angular velocity values (above 250 degrees/
sec) were observed for elbow flexion/extension.

3.2. Cup Transfer Task

Angular joint trajectories for the Cup Transfer Task are shown in
Fig. 2. The mean peak angle, RoM, and peak angular velocity, along with
their between-participant standard deviation and within-participant
variability, are listed for each movement of the Cup Transfer Task in
Table 2. The trunk started and ended in a near neutral position for all
DOFs. The trunk progressively rotated to the left during Movements 1
and 2 and progressively rotated back towards a neutral position during
Movements 3 and 4. Across all trunk DOFs, interacting with the far cup in
Movements 2 and 3 required larger RoM than in Movements 1 and 4
(9 = 4 and 10 = 4 degrees versus 3 = 2 and 5 * 3 degrees for
flexion/extension; 7 + 3 and 6 + 2 versus 5 + 2 and 4 + 1 degrees
for lateral bending; 11 + 3 and 17 *+ 4 versus 9 + 3 and 8 * 2 de-
grees for axial rotation) and displayed larger peak angular velocities.
Movements 1 (RoM: 62 + 13 degrees) and 3 (RoM: 73 * 10 degrees)
required large magnitudes of shoulder flexion. Movements 1 and 2
transport, when moving the cups from the right side to the left side,
required the shoulder to adduct, and Movements 3 and 4 transport re-
quired the shoulder to abduct. Placing and reaching for the near cup on
the left side of the box required the greatest amount of shoulder internal
rotation during Movements 1 (44 + 15 degrees) and 4 (46 + 15 de-
grees). Every reach and transport displayed a peak in elbow flexion.
Greater magnitudes of elbow flexion were required to transport the near
cup as opposed to the far cup (Fig. 2). Moving to the far-left target during
Movements 2 and 3 required the elbow to be nearly extended (minimum
flexion angle: 11 = 8 and 9 + 8 degrees). The top grasp required more
forearm pronation (peak angle: 51 = 21 degrees) and the side grasp
forced the forearm to stay in a supinated position (peak angle: -14 + 19
degrees). The different grasp patterns also required distinct wrist mo-
tions: the top grasp required the wrist to be flexed (peak angle: 45 = 14
degrees) and ulnar-deviated (peak angle: 28 = 12 degrees), whereas the
side grasp forced the wrist into an extended (peak angle: -33 = 10
degrees) and radial-deviated position (peak angle: -9 *= 9 degrees).
Trunk DOFs displayed the lowest peak angular velocity values (11 * 4
to 40 = 9 degrees/sec). Shoulder abduction/adduction displayed the
lowest angular velocities for shoulder DOFs. Reaching for the cups from
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Fig. 1. Pasta Box Task angular joint trajectories are presented for trunk flexion/extension, lateral bending, and axial rotation; shoulder flexion/extension, abduction/
adduction, and internal/external rotation; elbow flexion/extension and forearm pronation/supination; and wrist flexion/extension and ulnar/radial deviation. The
group mean is plotted as a solid black line and between-participant standard deviation (SD) as grey shading. Each movement is segmented into reach (red), grasp
(orange), transport (blue), and release (green) phases. Times when the hand returned to the “Home” starting position are shaded grey. Movements (Mvmt) are

indicated above the respective phases in a bracket.

the ‘Home’ position displayed larger shoulder flexion/extension peak
angular velocities (222 + 55 degrees/sec), whereas changing the grasp
to pick up the next cup in Movements 2 and 4 displayed larger shoulder
internal/external rotation angular velocities (168 = 33 degrees/sec).
For the elbow and wrist joints, movement in flexion/extension displayed
larger angular velocities than forearm pronation/supination or radial/
ulnar deviation.

3.3. Variability and intra-rater reliability

For both tasks, between-participant variability was typically larger
than within-participant variability (Tables 1 and 2). For the trunk
DOFs, the absolute between-participant variability was below 5 degrees
for peak angle and RoM. The majority of the remaining DOFs displayed
an absolute between-participant variability of over 5 degrees. Forearm
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Pasta Box Task measures for peak angle (degrees), range of motion (degrees), and peak angular velocity (degrees/sec) are presented for trunk flexion/extension,
lateral bending, and axial rotation; shoulder flexion/extension, abduction/adduction, and internal/external rotation; elbow flexion/extension and forearm prona-
tion/supination; and wrist flexion/extension and ulnar/radial deviation. Data are presented, for movements, as group means and between-participant standard
deviations (SD). Average within-participant variability (WPV) is also presented for each measure.

Trunk Flexion/extension Lateral bending Axial rotation
Movement Mean += SD WPV Mean + SD WPV Mean += SD WPV
Peak angle (degrees) 1 —-25 + 2.7 1.2 6.8 = 4.1 1.5 6.6 = 4.0 1.2
2 -3.0 = 27 1.2 0.4 + 25 1.0 14.4 = 4.2 1.2
3 —25 =+ 26 1.2 7.5 = 3.9 2.2 14.0 = 4.2 1.2
Range of motion (degrees) 1 52 + 2.2 1.3 8.7 = 3.2 1.4 17.9 = 25 1.5
2 36 = 1.1 0.9 55 + 1.8 1.1 153 = 3.1 1.4
3 4.8 + 1.3 1.2 11.7 = 2.8 2.2 25.9 * 3.7 1.7
Peak angular velocity (degrees/sec) 1 209 + 7.7 5.4 22.7 + 6.7 5.4 447 = 7.3 6.7
2 158 = 5.3 3.8 13.6 = 3.7 3.0 342 = 7.6 4.8
3 19.9 = 5.7 4.3 221 = 47 6.8 59.9 + 10.7 8.4
Shoulder Flexion/extension Abduction/adduction Internal/external rotation
Movement Mean = SD wpPVv Mean + SD wpPVv Mean + SD wpPVv
Peak angle (degrees) 1 51.5 = 10.5 2.2 —-6.1 + 47 1.5 225 = 11.7 2.2
2 64.8 = 11.5 1.9 02 + 7.3 2.2 32.0 = 11.2 1.9
3 66.6 + 11.3 2.1 2.4 + 6.8 2.2 33.8 = 11.0 2.0
Range of motion (degrees) 1 68.0 = 7.7 2.9 19.1 * 6.5 2.1 429 + 8.6 2.8
2 70.7 = 9.8 2.8 24.3 = 8.3 3.2 31.8 £ 6.5 2.8
3 83.3 £ 11.8 4.2 27.2 + 89 3.0 524 + 7.7 3.0
Peak angular velocity (degrees/sec) 1 186.4 + 35.9 15.8 72.3 = 20.8 9.6 141.2 = 30.0 16.0
2 191.1 = 37.0 14.3 75.8 = 289 11.0 116.2 = 19.7 14.7
3 221.3 * 39.6 20.4 94.7 + 28.2 11.2 167.6 + 31.2 20.1
Elbow/Forearm Flexion/extension Pronation/supination
Movement Mean + SD WPV Mean + SD WPV
Peak angle (degrees) 1 89.3 + 11.8 3.3 429 = 233 3.9
2 101.0 + 12.7 3.0 53.3 + 225 2.5
3 100.1 * 13.9 3.8 53.3 + 21.9 2.8
Range of motion 1 74.2 = 10.1 3.5 76.2 = 14.6 5.6
(degrees) 2 79.5 = 9.4 3.5 49.8 = 16.6 5.6
3 855 + 11.6 4.7 89.5 + 16.3 6.2
Peak angular velocity 1 260.3 + 48.4 20.6 293.0 = 63.5 45.6
(degrees/sec) 2 257.9 + 43.4 18.6 164.0 = 51.4 29.8
3 256.2 + 43.3 18.4 175.2 = 42.6 37.0
Wrist Flexion/extension Radial/ulnar deviation
Movement Mean = SD WPV Mean = SD WPV
Peak angle (degrees) 1 —-17.6 = 13.5 4.4 149 = 7.8 2.4
2 —-11.3 = 13.6 5.1 189 = 7.7 2.7
3 -12.9 = 10.5 6.7 169 = 7.6 3.0
Range of motion 1 285 = 7.8 4.8 29.6 = 5.7 3.2
(degrees) 2 24.8 = 8.2 5.2 234 =72 3.7
3 313 = 7.1 7.4 29.2 = 4.3 3.3
Peak angular velocity 1 126.9 = 29.0 27.0 103.2 = 36.9 22.8
(degrees/sec) 2 113.8 = 33.4 22.8 88.4 = 21.9 18.5
3 115.8 = 33.7 36.9 108.6 + 23.4 29.7

pronation/supination displayed the largest between-participant varia-
bility. The majority of DOFs exhibited a within-participant variability
for peak angle and RoM that was below 5 degrees.

For each kinematic measure, values for ICC with 95% confidence
intervals, SEM, and MDC are shown in Table 3 (Pasta Box Task) and
Table 4 (Cup Transfer Task). For the Pasta Box Task, 52% of measures
displayed ICC values above 0.75, and 23% above 0.90, therefore having
reasonable agreement for clinical assessments [22]. The highest relia-
bility was observed for shoulder and elbow flexion/extension. ICC va-
lues below 0.75 were mostly observed for trunk and wrist DOFs. For the
Cup Transfer Task, 54% of measures displayed ICC values above 0.75,
and 28% above 0.90. Best reliability was observed for trunk axial ro-
tation and all three DOFs at the shoulder. Reliability for elbow flexion/
extension was not as high as for the Pasta Box Task. Forearm pronation/

180

supination peak angle displayed the greatest SEM values (11-15 de-
grees) across both tasks. When excluding this DOF, all SEM values for
peak angle and RoM were below 8 degrees and 11 degrees for the Pasta
Box and Cup Transfer Tasks, respectively. MDC values for peak angle
and RoM were below 35 and 41 degrees, with 21 and 29 measures
below 10 degrees for the Pasta Box and Cup Transfer Tasks, respec-
tively.

4. Discussion

This study established a normative dataset of 3D angular joint ki-
nematics for two standardized functional tasks, the Pasta Box Task and
Cup Transfer Task, with generally good test-retest reliability. The joint
kinematic results provided insights into the specific task requirements
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Fig. 2. Cup Transfer Task angular joint trajectories are presented for trunk flexion/extension, lateral bending, and axial rotation; shoulder flexion/extension,
abduction/adduction, and internal/external rotation; elbow flexion/extension and forearm pronation/supination; and wrist flexion/extension and ulnar/radial
deviation. The group mean is plotted as a solid black line and between-participant standard deviations (SD) as grey shading. Each movement is segmented into reach
(red), grasp (orange), transport (blue), and release (green) phases. Times when the hand returned to the “Home” starting position are shaded grey. Movements

(Mvmt) are indicated above the respective phases in a bracket.

for each functional movement.

4.1. Angular joint motion

Overall, minimal trunk movement was required to complete the
tasks. However, the Pasta Box Task required a greater range of trunk
lateral bending and trunk axial rotation compared to flexion/extension.

For the Cup Transfer Task, movement of the far cup required greater
RoM across all trunk DOFs. While trunk movement is not commonly
reported in upper limb analyses of non-disabled individuals [9,23], its
assessment is important when studying upper limb impairments. When
hand function is impaired by neuromuscular or musculoskeletal injury,
proximal joints and the trunk are likely to display compensatory motion
to successfully complete a task [14,24]. Therefore, inclusion of trunk
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Table 2

Cup Transfer Task measures for peak angle (degrees), range of motion (degrees), and peak angular velocity (degrees/sec) are presented for trunk flexion/extension,
lateral bending, and axial rotation; shoulder flexion/extension, abduction/adduction, and internal/external rotation; elbow flexion/extension and forearm prona-
tion/supination; and wrist flexion/extension and ulnar/radial deviation. Data are presented, for movements, as group means and between-participant standard
deviations (SD). Average within-participant variability (WPV) is also presented for each measure.

Trunk Flexion/extension Lateral bending Axial rotation
Movement Mean + SD wPVv Mean + SD WPV Mean + SD WPV
Peak angle (degrees) 1 —4.4 + 25 1.1 —-0.6 £ 1.8 1.1 8.9 = 3.6 1.3
2 —6.4 = 25 1.2 0.4 = 4.1 1.2 17.0 = 4.9 1.3
3 —-5.8 + 238 1.1 -0.7 = 3.1 1.1 17.1 = 49 1.3
4 —-58 £ 27 1.1 -1.1 + 29 1.0 10.2 = 3.8 1.0
Range of motion (degrees) 1 3.1 £ 1.5 0.9 47 =19 1.0 9.3 + 25 1.3
2 9.4 = 3.8 1.3 7.4 £ 25 1.3 10.6 = 2.7 1.3
3 10.0 = 3.8 1.4 6.0 = 1.9 1.1 16.6 = 4.0 1.7
4 49 + 2.6 1.0 39 + 1.4 0.8 7.8 £ 23 0.9
Peak angular velocity (degrees/sec) 1 11.8 = 3.8 3.8 10.6 * 4.1 2.3 22.0 = 4.3 3.9
2 24.2 = 6.9 3.8 17.6 = 6.2 3.6 293 = 7.1 4.4
3 28.8 = 9.1 4.5 15.6 + 3.7 3.8 399 + 89 5.5
4 14.3 = 5.0 4.6 11.4 + 3.2 2.9 236 = 6.9 3.8
Shoulder Flexion/extension Abduction/adduction Internal/external rotation
Movement Mean + SD WPV Mean + SD WPV Mean + SD WPV
Peak angle (degrees) 1 49.0 = 14.2 2.7 —-87 * 49 2.1 441 + 147 2.6
2 57.2 = 10.3 1.8 —2.2 * 6.6 2.5 421 = 134 2.1
3 57.8 = 11.0 1.9 —-0.6 = 5.9 2.5 40.9 = 135 3.0
4 49.3 = 14.3 3.2 —145 = 69 2.4 45.8 = 14.5 2.7
Range of motion (degrees) 1 61.5 + 13.2 3.4 26.8 = 6.9 2.8 50.2 = 13.8 3.5
2 311 + 6.7 2.8 18.2 £ 5.5 2.8 314 + 6.8 2.8
3 73.0 = 10.1 2.8 27.8 = 85 3.2 48.3 = 12.1 3.8
4 30.3 = 9.1 3.3 25.6 = 5.8 3.0 38.7 £ 95 3.2
Peak angular velocity (degrees/sec) 1 136.0 + 40.2 14.1 77.6 = 21.7 9.4 111.6 = 53.5 16.4
2 100.4 + 27.3 13.4 60.8 = 15.7 10.3 168.0 + 32.9 20.1
3 221.8 = 55.0 22.9 94.5 = 33.0 11.7 178.7 = 54.2 21.6
4 106.3 = 24.7 13.4 73.7 £ 17.4 9.3 151.5 = 36.0 19.0
Elbow/Forearm Flexion/extension Pronation/supination
Movement Mean + SD 1172 Mean = SD wpPVv
Peak angle (degrees) 1 84.0 = 12.0 3.1 50.9 = 21.0 3.2
2 69.7 = 11.3 3.0 35.5 = 19.3 3.4
3 91.8 = 12.3 3.0 49.8 = 21.7 3.0
4 84.2 = 13.0 2.7 42.1 = 20.9 3.3
Range of motion (degrees) 1 44.4 + 9.5 3.8 31.6 £ 12.5 4.5
2 59.1 = 7.8 3.6 45.6 = 12.3 5.6
3 829 = 89 3.4 63.7 = 11.4 5.8
4 46.1 = 5.6 3.3 44.7 = 9.3 5.0
Peak angular velocity 1 165.7 + 39.4 15.4 111.0 = 21.7 22.3
(degrees/sec) 2 195.7 = 39.3 19.7 175.3 = 423 36.3
3 270.3 = 51.9 21.3 190.1 = 46.0 46.1
4 216.0 + 37.3 18.5 179.2 = 59.4 26.3
Wrist Flexion/extension Radial/ulnar deviation
Movement Mean + SD WPV Mean = SD WPV
Peak angle (degrees) 1 36.4 = 12.2 4.0 25.5 = 12.0 3.2
2 27.3 = 13.2 3.5 24.1 = 10.2 3.1
3 0.4 = 14.4 7.7 15.7 £ 7.2 2.9
4 45.1 = 14.0 3.7 27.8 = 12.2 2.8
Range of motion (degrees) 1 745 = 14.2 6.0 384 = 95 4.0
2 55.7 = 7.3 4.8 28.0 = 7.2 3.8
3 33.4 = 10.5 7.6 24.6 = 6.0 3.8
4 61.2 = 10.2 6.6 23.3 = 6.2 4.1
Peak angular velocity 1 272.1 = 69.7 38.7 133.3 = 37.7 23.4
(degrees/sec) 2 263.2 = 71.1 40.4 121.5 = 40.6 22.7
3 155.9 = 59.8 47.0 113.7 = 35.3 25.8
4 288.5 + 61.5 41.0 123.8 = 35.8 25.6
motion in non-disabled analyses can serve as a benchmark for com- highlighting how cross-body movements demand large joint exertions.
parison to impaired function. For the Cup Transfer Task, Movements 1 and 3, where the hand left a
Across all shoulder DOFs, for the Pasta Box Task, reaching from the position at the near edge of the cart (“Home” in Fig. 2), required the
top shelf of the cart to the side table required the largest RoM, largest RoM. The varying requirements across movements indicate how
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Table 3

Gait & Posture 69 (2019) 176-186

For each Pasta Box Task movement, repeatability analysis was performed on peak angle, range of motion, and peak angular velocity for trunk flexion/extension,
lateral bending, and axial rotation; shoulder flexion/extension, abduction/adduction, and internal/external rotation; elbow flexion/extension and forearm prona-
tion/supination; and wrist flexion/extension and radial/ulnar deviation. Repeatability measures include intra-class correlation (ICC) with corresponding 95%
confidence intervals, standard error of measurement (SEM), and minimal detectable change (MDC). ICC values above 0.90 are presented in bold. ICC values below
0.75 are presented in italics. ICC values that failed the F-test (p > 0.05) are presented with an asterisk (*), indicating the validity of the ICC may be compromised for

this result.
Trunk Flexion/extension Lateral bending Axial rotation
Movement Icc SEM MDC Icc SEM MDC Icc SEM MDC
Peak angle (degrees) 1 —0.08 (—3.36-0.73)* 1.9 5.3 0.76 (0.02-0.94) 2.7 7.4 0.70 (—0.21-0.93) 2.9 8.1
2 0.34 (—1.66-0.8)* 2.3 6.3 0.87 (0.47-0.97) 1.1 2.9 0.63 (—0.50-0.91)* 3.4 9.6
3 0.19 (—2.27-0.80)* 1.8 4.9 0.75 (0.01-0.94) 29 8.0 0.52 (—0.95-0.88)* 3.7 10.2
Range of motion (degrees) 1 0.81 (0.22-0.95) 1.5 4.0 0.54 (—0.86-0.89)* 2.4 6.6 0.45 (—1.21-0.86)* 2.9 8.0
2 0.84 (0.34-0.96) 0.7 2.0 0.84 (0.34-0.96) 0.9 2.6 0.68 (—0.27-0.92)* 2.2 6.2
3 0.01 (—2.98-0.76)* 1.3 3.5 0.62 (—0.55-0.90)* 2.6 7.2 0.73 (—0.07-0.93) 3.4 9.4
Peak angular velocity (degrees/sec) 1 0.47 (—1.13-0.87)* 7.7 21.3 0.66 (—0.35-0.93)* 4.8 13.4 0.11 (—2.57-0.78)* 6.1 16.8
2 0.89 (0.55-0.97) 3.4 9.6 0.60 (—0.62-0.90)* 2.2 6.1 0.90 (0.59-0.97) 3.3 9.3
3 0.48 (—1.10-0.87)* 5.2 14.5 0.60 (—0.63-0.90)* 4.3 11.9 0.55 (—0.81-0.89)* 7.2 20.0
Shoulder Flexion/extension Abduction/adduction Internal/external rotation
Movement Icc SEM MDC Icc SEM MDC Icc SEM MDC
Peak angle (degrees) 1 0.80 (0.20-0.95) 6.6 18.2 0.26 (—1.97-0.82)* 3.9 10.9 0.75 (—0.02-0.94) 7.1 19.6
2 0.91 (0.64-0.98) 5.5 15.3 0.54 (—0.85-0.89)* 5.8 16.1 0.69 (—0.26-0.92) 8.2 22.7
3 0.90 (0.60-0.98) 5.8 16.0 0.57 (—0.73-0.89)* 5.4 15.1 0.45 (—1.21-0.86)* 7.7 21.4
Range of motion (degrees) 1 0.96 (0.85-0.99) 3.3 9.2 0.86 (0.44-0.97) 3.7 10.1 0.95 (0.80-0.99) 3.6 10.0
2 0.97 (0.88-0.99) 2.8 7.8 0.79 (0.16-0.95) 5.9 16.3 0.78 (0.13-0.95) 5.9 16.5
3 0.93 (0.74-0.98) 4.4 12.1 0.10 (—2.64-0.78)* 8.9 24.5 0.92 (0.68-0.98) 3.9 10.7
Peak angular velocity (degrees/sec) 1 0.95 (0.79-0.99) 14.5 40.2 0.83 (0.32-0.96) 12.0 33.1 0.82 (0.28-0.96) 17.2 47.7
2 0.97 (0.89-0.99) 9.3 25.9 0.84 (0.35-0.96) 16.9 46.8 0.53 (—0.87-0.88)* 16.4 45.5
3 0.95 (0.80-0.99) 12.1 33.6 0.69 (—0.27-0.92) 17.0 47.0 0.71 (—0.18-0.93) 21.6 59.9
Elbow/Forearm Flexion/extension Pronation/supination
Movement Icc SEM MDC Icc SEM MDC
Peak angle (degrees) 1 0.83 (0.32-0.96) 5.2 14.3 0.70 (—0.2-0.93) 12.3 34.2
2 0.85 (0.41-0.96) 6.1 16.9 0.60 (—0.62-0.90)* 11.9 329
3 0.79 (0.14-0.95) 6.2 17.2 0.66 (—0.36-0.92)* 10.6 29.3
Range of motion (degrees) 1 0.77 (0.06-0.94) 5.7 15.8 0.92 (0.68-0.98) 8.2 22.6
2 0.92 (0.67-0.98) 3.6 10.1 0.95 (0.79-0.99) 5.9 16.3
3 0.91 (0.62-0.98) 4.9 13.7 0.89 (0.57-0.97) 5.2 14.5
Peak angular velocity 1 0.85 (0.39-0.96) 24.0 66.5 0.88 (0.51-0.97) 36.9 102.2
(degrees/sec) 2 0.95 (0.80-0.99) 14.6 40.4 0.90 (0.60-0.98) 21.8 60.4
3 0.96 (0.85-0.99) 11.7 325 0.67 (—0.33-0.92)* 27.6 76.5
Wrist Flexion/extension Radial/ulnar deviation
Movement Icc SEM MDC Icc SEM MDC
Peak angle (degrees) 1 0.45 (—1.21-0.86)* 8.7 24.2 —0.43 (—4.77-0.64)* 7.3 20.1
2 0.65 (—0.39-0.91)* 7.8 21.5 —0.77 (—6.12-0.56)* 7.3 20.2
3 0.69 (—0.26-0.92)* 6.6 18.3 0.25 (-2.01-0.8D* 6.8 18.7
Range of motion (degrees) 1 0.89 (0.57-0.97) 2.9 8.0 —0.27 (—3.90-0.70)* 4.2 11.7
2 0.89 (0.54-0.97) 4.0 11.1 0.69 (—0.24-0.92) 3.9 10.7
3 0.67 (—0.33-0.92)* 5.0 13.9 0.50 (—1.01-0.88)* 2.6 7.3
Peak angular velocity 1 0.94 (0.74-0.98) 13.5 37.4 0.90 (0.61-0.98) 15.9 44.1
(degrees/sec) 2 0.79 (0.16-0.95) 16.2 44.8 0.25 (—2.03-0.81)* 16.8 46.5
3 0.85 (0.39-0.96) 12.2 33.8 0.91 (0.63-0.98) 13.3 37.0

differing shelf heights or object locations in relation to the edge of a
counter, as in a standard kitchen, highly influences the joint range
needed to complete activities of daily living.

Elbow flexion/extension displayed some of the largest angular ve-
locities among all DOFs for both tasks. Angular velocity, a predictor of
an individual’s muscle power [25], is valuable when studying popula-
tions with impairments as it gives insight into the adequate functioning
and force production of muscles [16,26]. Mackey et al. found that an-
gular velocities were reduced in children with cerebral palsy [27], in-
dicating muscle fatigue or weakness could be present with upper limb
deficits. Forearm pronation/supination RoM during the Pasta Box Task
displayed the largest amount of between- and within-participant
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variability during transport (Table 1). The task standardized the
movement requirements by setting a specific starting position for the
hand and defining precise pick-up and drop-off locations for the objects;
however, the orientation in which the box of pasta was grasped, car-
ried, and placed was not enforced, allowing individual grasp strategies.
The tilt of the box of pasta during the transport phase would in turn
change the angle of pronation or supination of the forearm, thereby
explaining the larger between-participant variability observed in this
task.

Clear differences, based on task requirements, were observed in wrist
angular joint trajectories. Throughout the Pasta Box Task, interacting
with the box of pasta forced the wrist into an extended position. For the
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Table 4

Gait & Posture 69 (2019) 176-186

For each Cup Transfer Task movement, repeatability analysis was performed on peak angle, range of motion, and peak angular velocity for trunk flexion/extension,
lateral bending, and axial rotation; shoulder flexion/extension, abduction/adduction, and internal/external rotation; elbow flexion/extension and forearm prona-
tion/supination; and wrist flexion/extension and radial/ulnar deviation. Repeatability measures include intra-class correlation (ICC) with corresponding 95%
confidence intervals, standard error of measurement (SEM), and minimal detectable change (MDC). ICC values above 0.90 are presented in bold. ICC values below
0.75 are presented in italics. ICC values that failed the F-test (p > 0.05) are presented with an asterisk (*), indicating the validity of the ICC may be compromised for

this result.

Trunk Flexion/extension Lateral bending Axial rotation

Movement  ICC SEM  MDC ICC SEM MDC Icc SEM  MDC
Peak angle (degrees) 1 —0.10 (-3.07-0.75)* 2.8 7.9 0.82 (0.28-0.96) 1.1 3.0 025 (-2.02-0.8D)* 3.6 9.9

2 0.38 (—1.49-0.85)* 2.8 7.8 0.91 (0.64-0.98) 1.6 46  0.70 (—0.20-0.93) 3.6 10.0

3 0.62 (—0.52-0.9D* 2.3 6.4 0.93 (0.73-0.98) 1.0 2.8 072 (-0.14-0.93) 3.6 9.9

4 0.63 (—0.48-0.91)* 2.5 7.1 0.89 (0.54-0.97) 1.2 3.4 0.51 (—0.97-0.88)* 3.5 9.7
Range of motion (degrees) 1 0.39 (—1.44-0.85)* 1.1 2.9 0.70 (—0.22-0.93) 1.2 3.2 0.90 (0.61-0.98) 1.4 4.0

2 0.73 (—0.08-0.93) 1.9 5.3 0.94 (0.76-0.99) 1.0 2.9  0.91 (0.65-0.98) 1.2 3.4

3 0.48 (—1.08-0.87)* 2.2 6.0 0.52 (—0.95-0.88)* 1.7 4.8 0.95 (0.80-0.99) 2.0 5.7

4 0.58 (—0.68-0.90)* 1.4 3.8 0.60 (—0.60-0.90)* 1.0 2.8  0.91 (0.63-0.98) 1.2 3.2
Peak angular velocity (degrees/sec) 1 0.89 (0.55-0.97) 2.2 6.0 0.81 (0.22-0.95) 1.4 3.9 0.89 (0.57-0.97) 2.7 7.6

2 0.58 (—0.70-0.90)* 5.6 15.7 0.94 (0.77-0.99) 1.9 5.2 0.91 (0.63-0.98) 3.1 8.6

3 0.71 (—0.18-0.93) 5.4 15.0 0.24 (-2.07-0.81)* 25 6.9  0.94 (0.77-0.99) 3.0 8.2

4 0.79 (0.14-0.95) 1.7 4.8 0.06 (-2.77-0.77)* 2.2 6.0  0.89 (0.55-0.97) 3.3 9.3
Shoulder Flexion/extension Abduction/adduction Internal/external rotation

Movement Icc SEM MDC Icc SEM MDC IcC SEM MDC
Peak angle (degrees) 1 0.95 (0.79-0.99) 5.9 16.3 0.64 (—0.46-0.91D)* 3.7 10.3 0.80 (0.19-0.95) 8.9 24.6

2 0.90 (0.58-0.97) 6.1 16.9 0.42 (—1.35-0.86)* 5.0 14.0 0.78 (0.13-0.95) 8.4 23.3

3 0.91 (0.66-0.98) 6.0 16.5 0.34 (—1.67-0.84)* 5.5 15.2 0.57 (—0.73-0.89)* 9.4 26.1

4 0.97 (0.86-0.99) 5.3 14.7 0.56 (—0.76-0.89)* 5.0 13.8 0.74 (—0.06-0.94) 9.7 26.9
Range of motion (degrees) 1 0.98 (0.92-1.00) 3.4 9.4 0.85 (0.41-0.96) 4.1 11.3 0.95 (0.80-0.99) 5.5 15.1

2 0.75 (0.01-0.94) 3.6 9.9 0.94 (0.75-0.98) 2.4 6.7 0.84 (0.33-0.96) 4.5 12,5

3 0.95 (0.79-0.99) 4.1 11.4 0.89 (0.58-0.97) 4.2 11.5 0.84 (0.37-0.96) 7.5 20.7

4 0.86 (0.43-0.97) 5.5 15.2 0.90 (0.60-0.98) 2.7 7.6 0.86 (0.42-0.96) 5.4 15.0
Peak angular velocity (degrees/sec) 1 0.97 (0.87-0.99) 11.6 32.1 0.97 (0.89-0.99) 5.9 16.2 0.96 (0.83-0.99) 19.0 52.7

2 0.90 (0.58-0.97) 121 33.4 0.94 (0.76-0.99) 7.0 19.3 0.93 (0.71-0.98) 17.2 47.7

3 0.93 (0.71-0.98) 27.0 75.0 0.94 (0.74-0.98) 13.1 36.3 0.85 (0.38-0.96) 37.7 104.6

4 0.84 (0.36-0.96) 16.1 44.5 0.83 (0.30-0.96) 11.4 31.7 0.85 (0.39-0.96) 22.3 61.8
Elbow/Forearm Flexion/extension Pronation/supination

Movement Icc SEM MDC Icc SEM MDC
Peak angle (degrees) 1 —-0.13 7.9 21.8 0.40 (—1.40-0.85)* 14.6 40.4

(—3.55-0.72)*

2 0.40 (—1.42-0.85)* 7.4 20.6 0.82 (0.26-0.95) 10.7 29.8

3 0.55 (—0.80-0.89)* 7.0 19.5 0.59 (—0.67-0.90)* 11.7 32.5

4 0.67 (—0.31-0.92)* 8.0 22.3 0.75 (0.00-0.94) 11.3 31.4
Range of motion (degrees) 1 0.65 (—0.41-0.91)* 5.8 16.1 0.53 (—0.89-0.88)* 8.7 24.2

2 0.64 (—0.46-0.91)* 4.2 11.6 0.54 (—0.86-0.89)* 9.4 26.2

3 0.84 (0.36-0.96) 4.1 11.4 0.24 (—2.06-0.81)* 11.4 31.7

4 0.68 (—0.29-0.92)* 4.0 11.1 0.74 (—0.06-0.94) 5.0 13.8
Peak angular velocity 1 0.84 (0.34-0.96) 21.4 59.4 0.74 (—0.04-0.94) 24.3 67.4

(degrees/sec) 2 0.92 (0.67-0.98) 19.6 54.3 0.64 (—0.46-0.91)* 20.0 55.3

3 0.89 (0.55-0.97) 25.1 69.5 0.81 (0.25-0.95) 28.2 78.1

4 0.97 (0.87-0.99) 15.0 41.4 0.83 (0.30-0.96) 25.9 71.8
Wrist Flexion/extension Radial/ulnar deviation

Movement Icc SEM MDC Icc SEM MDC
Peak angle (degrees) 1 0.44 (—1.26-0.86)* 8.5 23.5 0.51 (—0.96-0.88)* 9.2 25.6

2 0.32 (—1.75-0.83)* 9.1 25.4 0.36 (—1.57-0.8)* 8.9 24.8

3 0.72 (—0.12-0.93) 9.4 26.2 0.53 (—0.88-0.88)* 6.1 17.0

4 0.40 (—1.43-0.85)* 10.2 28.2 0.48 (—1.08-0.87)* 9.4 26.1
Range of motion (degrees) 1 0.97 (0.87-0.99) 3.7 10.3 0.74 (—0.05-0.94) 6.7 18.6

2 0.83 (0.31-0.96) 2.9 7.9 0.77 (0.09-0.94) 5.1 14.0

3 0.74 (—0.06-0.94) 6.5 18.1 0.87 (0.45-0.97) 3.3 9.2

4 0.72 (—0.13-0.93) 6.2 17.3 0.62 (—0.55-0.91D* 4.6 12.8
Peak angular velocity 1 0.98 (0.91-1.00) 16.1 44.6 0.52 (—0.93-0.88)* 31.3 86.8

(degrees/sec) 2 0.92 (0.67-0.98) 25.3 70.0 0.57 (—0.72-0.89)* 28.2 78.3
3 0.50 (—1.00-0.88)* 44.3 122.7 0.92 (0.67-0.98) 14.0 38.9
4 0.90 (0.58-0.97) 32.9 91.3 0.73 (—0.08-0.93) 22.7 62.9
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Cup Transfer Task, the top grasp required the wrist to be in a flexed
position and the side grasp in a slightly extended position. This clear
distinction of wrist movement between different grasp patterns is an ex-
ample of how 3D kinematic analyses, along with these specific tasks, are
capable of quantifying small changes in movement strategies. This level of
sensitivity might be useful when assessing novel prosthetic technologies
incorporating wrist movement as subtle shifts in wrist position would be
expected to influence proximal joint motion. Current clinical assessments
for prosthetic technologies are typically not sensitive enough to quanti-
tatively detect subtleties in wrist movement [7,24,28].

4.2. Intra-rater reliability

Overall, for both tasks, just over half of the measures presented good
reliability and about a quarter of the measures presented excellent re-
liability. For the Pasta Box Task, measures for the shoulder and elbow
DOFs in the sagittal plane were the most reliable. Trunk, forearm, and
wrist DOFs were not as reliable, possibly due to the lack of standardi-
zation regarding the exact position where the participant had to stand
and the orientation in which the participants had to hold the box of
pasta. If the participant selected different end-point movement strate-
gies to complete the task, this would increase trial-to-trial variability
and decrease reliability [29]. In addition, trunk movement was minimal
for the presented tasks, exhibiting small RoM and standard deviations,
which would lead to lower ICC values [21]. This is consistent with
previous literature, where Engdahl and Gates as well as Jaspers et al.
indicated lower reliability at trunk and wrist DOFs [17,30]. For the Cup
Transfer Task, the shoulder DOFs displayed the best reliability. Overall,
the Cup Transfer Task presented slightly higher reliability than the
Pasta Box Task, potentially due to its more constricted movements. SEM
and MDC values for peak angle and RoM were in accordance with
previous studies examining peak angles and RoM at the upper body. In
comparison to the present study where SEM values were below 11
degrees, Engdahl and Gates and Jaspers et al. reported SEM values
below 9 degrees [17,30]. The present MDC values for trunk DOFs were
less than 10 degrees, which is consistent with Engdahl and Gates.
Overall, for shoulder, elbow, and wrist DOFs, the present MDC values
were 5 degrees greater than those presented by Engdahl and Gates [17].
It should be noted that the slightly higher SEM and MDC values in the
present study can be explained by the inclusion of all upper body DOFs,
compared to studies that exclude many elbow and wrist DOFs ex-
hibiting inconsistent results across participants [17].

4.3. Limitations

The cluster-based marker set used here for calculating angular joint
kinematics relies on a specific anatomical pose that does not require the
identification of anatomical landmarks [19], making the marker set
relatively easy to use. However, due to its calibration technique, there
are potential offsets when comparing against a traditional anatomical
marker set [14,15,23], especially for trunk flexion/extension, elbow
and wrist DOFs. As a consequence, literature to directly compare our
peak angle results against is limited. Despite this limitation, the marker
set by Boser et al. presented low variability and good intra-rater relia-
bility [19], making it a viable clinical tool for assessing kinematics in
impaired populations. Another limitation may be that we did not nor-
malize task setup relative to body height, potentially contributing to
higher between-participant variability in our results. This choice was,
however, driven by our goal to ecologically represent the natural
variability in real-world activities, as would be encountered at a
“standard” counter height.

5. Conclusion

This study reported on the 3D angular joint kinematics of the upper
body required to complete two standardized functional tasks.
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Differences in trunk kinematics were observed based on the require-
ments of the specific movements. Participants converged on similar
shoulder and elbow movement strategies, which exhibited smaller
variability bands and higher intra-rater reliability. Forearm and wrist
DOFs, which are to a greater degree responsible for specific end-point
movement, showed larger variability and lower intra-rater reliability.
Overall, this study provides a comprehensive upper body kinematic
dataset that can be used for comparing populations with impairments
and quantitatively assessing movement compensations.

Ethical approval

The study was approved by the University of Alberta Health
Research Ethics Board (Pro00054011), the Department of the Navy
Human Research Protection Program (DON-HRPP), and the SSC-Pacific
Human Research Protection Office (SSCPAC HRPO).

Conflict of Interest
There are no conflicts of interest for the authors of this study.
Acknowledgments

This work was sponsored by the Defense Advanced Research
Projects Agency (DARPA) BTO under the auspices of Dr. Doug Weber
and Dr. Al Emondi through the DARPA Contracts Management Office;
Grant/Contract No. N66001-15-C-4015 (JSH). Partial funding support
was also received through Discovery Grants from the Natural Sciences
and Engineering Research Council of Canada (RGPIN-2014-04666
(AHV); RGPIN-2014-05248 (CSC)). The funders had no role in study
design, data collection and analysis, decision to publish, or preparation
of the manuscript. We thank Elizabeth Crockett, Ognjen Kovic, Brody
Kalwajtys, and Thomas R. Dawson for their contributions to task design,
data collection, and data processing.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.gaitpost.2019.01.037.

References

[1] C.E. Lang, J.M. Wagner, A.J. Bastian, Q. Hu, D.F. Edwards, S.A. Sahrmann,

A.W. Dromerick, Deficits in grasp versus reach during acute hemiparesis, Exp. Brain
Res. 166 (2005) 126-136, https://doi.org/10.1007/500221-005-2350-6.

[2] A.J. Metzger, A.W. Dromerick, R.J. Holley, P.S. Lum, Characterization of compen-
satory trunk movements during prosthetic upper limb reaching tasks, Arch. Phys.
Med. Rehabil. 93 (2012) 2029-2034, https://doi.org/10.1016/j.apmr.2012.03.011.

[3] A. Klein, L.A.R. Sacrey, S.B. Dunnett, I.Q. Whishaw, G. Nikkhah, Proximal move-
ments compensate for distal forelimb movement impairments in a reach-to-eat task
in Huntington’s disease: new insights into motor impairments in a real-world skill,
Neurobiol. Dis. 41 (2011) 560-569, https://doi.org/10.1016/j.nbd.2010.11.002.

[4] M.F. Levin, J.A. Kleim, S.L. Wolf, What do motor “Recovery” and “Compensation”
mean in patients following stroke? Neurorehabil. Neural Repair 23 (2008) 313-319,
https://doi.org/10.1177/1545968308328727.

[5] D.H. Gates, L.S. Walters, J. Cowley, J.M. Wilken, L. Resnik, Range of motion re-

quirements for upper-limb activities of daily living, Am. J. Occup. Ther. 70 (2016)

700135, https://doi.org/10.5014/ajot.2016.015487.

C. Gambrell, Overuse syndrome and the unilateral upper limb amputee: con-

sequences and prevention, JPO J. Prosthetics Orthot. 20 (2008) 126-132, https://

doi.org/10.1097/JP0.0b013e31817ecbl16.

L. Resnik, L. Adams, M. Borgia, J. Delikat, R. Disla, C. Ebner, L.S. Walters,

Development and evaluation of the activities measure for upper limb amputees,

Arch. Phys. Med. Rehabil. 94 (2013) 488-494, https://doi.org/10.1016/j.apmr.

2012.10.004.

[8] L.-M. Velstra, C.S. Ballert, A. Cieza, A systematic literature review of outcome
measures for upper extremity function using the international classification of
functioning, disability, and health as reference, PM&R 3 (2011) 846-860, https://
doi.org/10.1016/j.pmrj.2011.03.014.

[9] M. Alt Murphy, K.S. Sunnerhagen, B. Johnels, C. Willén, Three-dimensional kine-
matic motion analysis of a daily activity drinking from a glass: a pilot study, J.
Neuroeng. Rehabil. 3 (2006) 18, https://doi.org/10.1186,/1743-0003-3-18.

[10] D.A. Winter, Biomechanics and Motor Control of Human Movement, fourth edition,

[6

[7


https://doi.org/10.1016/j.gaitpost.2019.01.037
https://doi.org/10.1007/s00221-005-2350-6
https://doi.org/10.1016/j.apmr.2012.03.011
https://doi.org/10.1016/j.nbd.2010.11.002
https://doi.org/10.1177/1545968308328727
https://doi.org/10.5014/ajot.2016.015487
https://doi.org/10.1097/JPO.0b013e31817ecb16
https://doi.org/10.1097/JPO.0b013e31817ecb16
https://doi.org/10.1016/j.apmr.2012.10.004
https://doi.org/10.1016/j.apmr.2012.10.004
https://doi.org/10.1016/j.pmrj.2011.03.014
https://doi.org/10.1016/j.pmrj.2011.03.014
https://doi.org/10.1186/1743-0003-3-18

AM.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Valevicius et al.

John Wiley & Sons, Inc., 2009, https://doi.org/10.2466,/PMS.110.3.825-839.

J. Aizawa, T. Masuda, K. Hyodo, T. Jinno, K. Yagishita, K. Nakamaru, T. Koyama,
S. Morita, Ranges of active joint motion for the shoulder, elbow, and wrist in
healthy adults, Disabil. Rehabil. 35 (2013) 1342-1349, https://doi.org/10.3109/
09638288.2012.731133.

AM. Valevicius, P.Y. Jun, J.S. Hebert, A.H. Vette, Use of optical motion capture for
the analysis of normative upper body kinematics during functional upper limb
tasks: a systematic review, J. Electromyogr. Kinesiol. 40 (2018) 1-15, https://doi.
org/10.1016/J.JELEKIN.2018.02.011.

M. Alt Murphy, C. Willén, K.S. Sunnerhagen, Kinematic variables quantifying
upper-extremity performance after stroke during reaching and drinking from a
glass, Neurorehabil. Neural Repair 25 (2011) 71-80, https://doi.org/10.1177/
1545968310370748.

J.S. Hebert, J. Lewicke, T.R. Williams, A.H. Vette, Normative data for modified Box
and Blocks test measuring upper-limb function via motion capture, J. Rehabil. Res.
Dev. 51 (2014) 919-932, https://doi.org/10.1682/JRRD.2013.10.0228.

K. Petuskey, A. Bagley, E. Abdala, M.A. James, G. Rab, Upper extremity kinematics
during functional activities: three-dimensional studies in a normal pediatric popu-
lation, Gait Posture 25 (2007) 573-579, https://doi.org/10.1016/j.gaitpost.2006.
06.006.

J.J. Chang, T.I. Wu, W.L. Wu, F.C. Su, Kinematical measure for spastic reaching in
children with cerebral palsy, Clin. Biomech. Bristol Avon (Bristol, Avon) 20 (2005)
381-388, https://doi.org/10.1016/j.clinbiomech.2004.11.015.

S.M. Engdahl, D.H. Gates, Reliability of upper limb and trunk joint angles in healthy
adults during activities of daily living, Gait Posture 60 (2018) 41-47, https://doi.
org/10.1016/j.gaitpost.2017.11.001.

A. Kontaxis, A.G. Cutti, G.R. Johnson, H.E.J. Veeger, A framework for the definition
of standardized protocols for measuring upper-extremity kinematics, Clin. Biomech.
Bristol Avon (Bristol, Avon) 24 (2009) 246-253, https://doi.org/10.1016/j.
clinbiomech.2008.12.009.

Q.A. Boser, A.M. Valevicius, E.B. Lavoie, C.S. Chapman, P.M. Pilarski, J.S. Hebert,
A.H. Vette, Cluster-based upper body marker models for three-dimensional kine-
matic analysis: comparison with an anatomical model and reliability analysis, J.
Biomech. (2018), https://doi.org/10.1016/j.jbiomech.2018.02.028.

186

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Gait & Posture 69 (2019) 176-186

A.M. Valevicius, Q.A. Boser, E.B. Lavoie, C.S. Chapman, P.M. Pilarski, A.H. Vette,
J.S. Hebert, Characterization of normative hand movements during two functional
upper limb tasks, PLoS One 13 (2018) 1-21.

J.P. Weir, Quantifying test-retest reliability using the intraclass correlation coeffi-
cient and the SEM, J. Strength Cond. Res. 19 (2005) 231-240, https://doi.org/10.
1519/15184.1.

L.G. Portney, M.P. Watkins, Foundations of Clinical Research : Applications to
Practice, Pearson/Prentice Hall, Upper Saddle River, N.J, 2009.

G. Rab, K. Petuskey, A. Bagley, A method for determination of upper extremity
kinematics, Gait Posture 15 (2002) 113-119, https://doi.org/10.1016/50966-
6362(01)00155-2.

J.S. Hebert, J. Lewicke, Case report of modified Box and Blocks test with motion
capture to measure prosthetic function, J. Rehabil. Res. Dev. 49 (2012) 1163-1174.
J. Lobo-Prat, J.M. Font-Llagunes, C. G6mez-Pérez, J. Medina-Casanovas,

R.M. Angulo-Barroso, New biomechanical model for clinical evaluation of the upper
extremity motion in subjects with neurological disorders: an application case,
Comput. Methods Biomech. Biomed. Engin. 5842 (2012) 37-41, https://doi.org/
10.1080/10255842.2012.738199.

T. Flash, N. Hogans, The coordination of arm movements: mathematical model, J.
Neurosci. 5 (1985) 1688-1703.

A.H. Mackey, S.E. Walt, S. Stott, Deficits in Upper-Limb Task Performance in
Children With Hemiplegic Cerebral Palsy as Defined by 3-Dimensional Kinematics,
Arch. Phys. Med. Rehabil. 87 (2006) 207-215, https://doi.org/10.1016/j.apmr.
2005.10.023.

H.Y.N. Lindner, J.M. Linacre, L.M. Norling Hermansson, Assessment of capacity for
myoelectric control: evaluation of construct and rating scale, J. Rehabil. Med. 41
(2009) 467-474, https://doi.org/10.2340/16501977-0361.

S. Reid, C. Elliott, J. Alderson, D. Lloyd, B. Elliott, Repeatability of upper limb
kinematics for children with and without cerebral palsy, Gait Posture 32 (2010)
10-17, https://doi.org/10.1016/j.gaitpost.2010.02.015.

E. Jaspers, K. Desloovere, H. Bruyninckx, K. Klingels, G. Molenaers, E. Aertbelién,
L. Van Gestel, H. Feys, Three-dimensional upper limb movement characteristics in
children with hemiplegic cerebral palsy and typically developing children, Res.
Dev. Disabil. 32 (2011) 2283-2294, https://doi.org/10.1016/j.ridd.2011.07.038.


https://doi.org/10.2466/PMS.110.3.825-839
https://doi.org/10.3109/09638288.2012.731133
https://doi.org/10.3109/09638288.2012.731133
https://doi.org/10.1016/J.JELEKIN.2018.02.011
https://doi.org/10.1016/J.JELEKIN.2018.02.011
https://doi.org/10.1177/1545968310370748
https://doi.org/10.1177/1545968310370748
https://doi.org/10.1682/JRRD.2013.10.0228
https://doi.org/10.1016/j.gaitpost.2006.06.006
https://doi.org/10.1016/j.gaitpost.2006.06.006
https://doi.org/10.1016/j.clinbiomech.2004.11.015
https://doi.org/10.1016/j.gaitpost.2017.11.001
https://doi.org/10.1016/j.gaitpost.2017.11.001
https://doi.org/10.1016/j.clinbiomech.2008.12.009
https://doi.org/10.1016/j.clinbiomech.2008.12.009
https://doi.org/10.1016/j.jbiomech.2018.02.028
http://refhub.elsevier.com/S0966-6362(18)31177-9/sbref0100
http://refhub.elsevier.com/S0966-6362(18)31177-9/sbref0100
http://refhub.elsevier.com/S0966-6362(18)31177-9/sbref0100
https://doi.org/10.1519/15184.1
https://doi.org/10.1519/15184.1
http://refhub.elsevier.com/S0966-6362(18)31177-9/sbref0110
http://refhub.elsevier.com/S0966-6362(18)31177-9/sbref0110
https://doi.org/10.1016/S0966-6362(01)00155-2
https://doi.org/10.1016/S0966-6362(01)00155-2
http://refhub.elsevier.com/S0966-6362(18)31177-9/sbref0120
http://refhub.elsevier.com/S0966-6362(18)31177-9/sbref0120
https://doi.org/10.1080/10255842.2012.738199
https://doi.org/10.1080/10255842.2012.738199
http://refhub.elsevier.com/S0966-6362(18)31177-9/sbref0130
http://refhub.elsevier.com/S0966-6362(18)31177-9/sbref0130
https://doi.org/10.1016/j.apmr.2005.10.023
https://doi.org/10.1016/j.apmr.2005.10.023
https://doi.org/10.2340/16501977-0361
https://doi.org/10.1016/j.gaitpost.2010.02.015
https://doi.org/10.1016/j.ridd.2011.07.038

	Characterization of normative angular joint kinematics during two functional upper limb tasks
	Introduction
	Methods
	Study participants
	Experimental setup and procedures
	Experimental data analysis
	Statistical analysis

	Results
	Pasta Box Task
	Cup Transfer Task
	Variability and intra-rater reliability

	Discussion
	Angular joint motion
	Intra-rater reliability
	Limitations

	Conclusion
	Ethical approval
	Conflict of Interest
	Acknowledgments
	Supplementary data
	References




