
  

  

Abstract—Stair ambulation is commonplace in daily living 

activities, yet biomechanically more challenging compared to 

level-ground walking. With reduced lower-limb muscle strength 

and increased rigidity of extremities, people with Parkinson’s 

disease (PD) experience impaired balance and higher incidence 

of falls each year. However, the regulation of whole-body 

dynamic balance of individuals with PD in stair walking is 

unclear. Whole-body angular momentum (H) is a useful metric 

for assessing dynamic balance that accounts for the angular 

movements of all body segments about the body center-of-mass 

(COM). In this study we investigated the regulation of H and 

segmental contributions to H during stair ascent and descent 

walking in individuals with PD compared to healthy subjects. 

During stair descent, the magnitude of sagittal-plane H 

increased in participants with PD compared to healthy subjects 

in ipsilateral (most affected side) leg stance. Meanwhile, the legs 

contributed more to sagittal-plane H in individuals with PD 

compared to healthy subjects. During stair descent walking, the 

magnitude of transverse-plane H was also greater in participants 

with PD compared to healthy subjects during the second half of 

ipsilateral leg gait cycle. The increased magnitude of negative 

(i.e., forward) sagittal-plane H in the ipsilateral stance of stair 

descent walking suggests that individuals with PD experience 

greater difficulties maintaining their forward rotation during 

such tasks. 

 
Clinical Relevance—This study highlights the need for 

dynamic balance of individuals with PD during stair descent 

walking and the potential of whole-body and segmental H in 

assessing dynamic balance of this population. 

I. INTRODUCTION 

Commonplace in daily living activities, stair walking is 
biomechanically more challenging compared to level-ground 
walking as it requires increased joint moments [1] to 
raise/lower body COM, slow down ambulation speed [2], and 
maintain safe foot placements. This may lead to increased need 
for dynamic balance during stair ambulation in muscle-
strength-deficient or balance-impaired populations such as the 
elderly. Stair walking has been thought as one of the most 
difficult daily tasks for the older populations [3] and stair falls 
are a leading cause of accidental death of the elderly [4]. 
Previous studies have also shown greater challenges during 
stair walking in individuals with neurological disorders such 
as stroke [5] and diabetic peripheral neuropathy [6]. The 
enhanced demand of dynamic balance of stair walking 
increases the risk of falling in daily lives. Understanding 
dynamic balance regulation of the impaired populations during 
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stair locomotion is important for their ultimate independence 
of daily living.  

People with Parkinson’s disease (PD) have impaired 
balance with about 60% of them falling each year [7]. Reduced 
lower limb muscle strength has been associated with falls in 
this population [7], which could lead to increased challenge in 
biomechanically demanding tasks of stair walking. 
Researchers have shown that individuals with PD exhibit 
worse trunk balance or reduced rhythmicity of trunk 
movements during stair ambulation relative to level walking, 
with poorer trunk movements during stair descent compared 
to stair ascent [8]. Similarly, greater trunk roll angle was 
observed in stair walking of people with PD compared to the 
healthy [9]. Furthermore, rigidity and tremor of extremities are 
one of the principal symptoms of PD, which could further 
increase the dynamic balance need of this population during 
stair walking.  Previous studies have shown that individuals 
with PD exhibit decreased inter-limb coordination between 
upper and lower extremities during level walking compared to 
healthy people, which was related to clinically poorer gait and 
posture [10]. With impaired inter-limb coordination, people 
with PD also need to compensate for their balance control 
asymmetries by increasing exerted force of the leg of the 
clinically least affected side [11]. Collectively, individuals 
with PD face greater challenges and may develop specific 
strategies in maintaining whole-body dynamic balance during 
stair walking relative to normal people, which need to be 
thoroughly comprehended for their rehabilitation and quality 
of life. 

Whole-body angular momentum (H) is a quantitative 
measure for assessing dynamic balance that accounts for the 
angular movements of all body segments about the body 
COM. H is useful in human locomotion analysis because it is 
directly related to whole-body kinetics. The time rate of 
change of H equals the net external moment about the body 
COM, which is the cross product of ground reaction forces and 
external moment arms (distance between center of pressure 
and body COM). Furthermore, H is regulated by individuals 
through muscle force generation [12], and thus, is related to 
not only join kinematics but also joint kinetics.  

H is suitable for assessing dynamic balance as it is tightly 
regulated by healthy individuals during normal walking [13]. 
Frontal-plane H has been shown to be negatively correlated 
with clinical test scores of Dynamic Gait Index and Berg 
Balance Scale in post-stroke normal walking with larger H 
indicating worse balance  [14]. H has also been used to assess 
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dynamic balance in stair ambulation of healthy and impaired 
populations. The range of frontal-plane H of the healthy was 
greater in stair ascent walking compared to level walking, 
while the range of transverse and sagittal plane H decreased in 
stair walking [15]. Our previous study also showed increased 
frontal-plane H  and trunk contributions to frontal-plane H  of 
healthy individuals during cut-stairs walking compared to 
level-ground normal walking [16], [17]. In individuals with a 
unilateral transtibial amputation, the range of sagittal-plane H 
was larger relative to able-bodied individuals during stair 
descent [18]. However, how H is regulated by individuals with 
PD during stair walking is still unclear. 

Therefore, the purpose of this study was to investigate the 
regulation of whole-body dynamic balance, measured by H, 
during stair ascent and descent walking in individuals with PD 
compared to healthy subjects. Segmental contributions to H 
were also analysed to understand the interlimb coordination 
strategy used by subjects with PD to maintain dynamic 
balance. We hypothesized that the magnitude of sagittal-plane 
H would be larger during stair walking in individuals with PD 
compared to healthy persons. We expected this because larger 
range of sagittal-plane H was found during stair walking of 
individuals with amputation [18]. We also hypothesized that 
lower limbs are the primary contributors to the increased 
sagittal-plane H because they are relatively large in moment 
of inertia and move more quickly during walking relative to 
the torso. 

II. METHODS 

A. Subjects and protocol 

Five individuals with early stage PD (Table 1) and five 
healthy subjects (4 male, 1 female; 25.2±2.5 years; 1.75±0.11 
m; 66.8±12.2 kg) participated in this study. All participants 
provided their written informed consent to participate in the 
experiment protocol that was approved by the Institutional 
Review Board. All participants with PD in this experiment 
were determined as Hoehn and Yahr stage 1 or 2 by a licensed 
and practicing Physical Therapist, indicating unilateral or 
bilateral motor impairment without balance difficulties. 
Participants with PD reported their disease duration, falls 
experienced, most affected side and weekly exercise length as 
in Table 1. All subjects with PD were using their prescribed 
dosage of medication at the time of testing, and none of them 
have a deep brain stimulator implanted. In the experiment, 
participants walked up and down an instrumented four-step 
stair case (15 cm riser, 30 cm tread) with handrails as well as 
over a level-ground walkway (Fig. 1). Participants were 
instructed to use handrails if they felt unsafe. Trials in which 
they used the handrails were excluded in the analyses. 

B. Data collection and processing 

A 10-camera motion capture system (Vicon) working at 
100 Hz was used to capture 66 markers to track whole-body 
motion. Recorded experiment data were processed in 
Visual3D (C-Motion). A low-pass fourth-order Butterworth 
filter with a cut-off frequency of 6 Hz was used for the 
kinematic data. A 12-segment model (Fig. 1) was built for each 
subject to calculate body kinematics. H and segmental 
contributions to H were calculated as 

𝐻⃑⃑ = ∑ [𝐼𝑖 𝜔⃑⃑ 𝑖 + (𝑟 𝑖 − 𝑟 𝑏𝑜𝑑𝑦) × 𝑚𝑖(𝑣 𝑖 − 𝑣 𝑏𝑜𝑑𝑦)]
𝑛

𝑖=1
. 

where 𝐼𝑖  and 𝜔⃑⃑ 𝑖 are the moment inertia and angular velocity of 
segment 𝑖, respectively; 𝑟 𝑖 and 𝑟 𝑏𝑜𝑑𝑦 are the position vectors 

of segment 𝑖 and body COM , respectively; 𝑣 𝑖 and 𝑣 𝑏𝑜𝑑𝑦 are 

the linear velocity vectors of segment 𝑖 and body COM, 
respectively; 𝑛 = 12 for the computations of H. Upper-limb 
contribution to H (𝑛 = 4) includes angular momentum of left 
and right forearms and upper arms, and lower-limb 
contribution to H (𝑛 = 6) includes angular momentum of left 
and right thighs, shanks and feet. Trunk contribution to H (𝑛 =
2)  includes angular momentum of torso and pelvis. H and 
segmental contributions to H were normalized by body mass 
and height, and in ipsilateral (most affected side of subjects 
with PD) or left leg gait cycle. We defined the positive sagittal-
plane H as rotation toward backward, positive frontal-plane H 
as rotation away from the left or ipsilateral leg, and positive 
transverse-plane H as rotation toward the left or ipsilateral leg. 

TABLE I.  CHARACTERISTICS OF SUBJECTS WITH PD 

  Subject         

  1 2 3 4 5 

Demographics      
Age 57 62 66 67 62 

Gender M F F M F 

Height (m) 1.72 1.72 1.72 1.8 1.72 

Mass (kg) 94.8 54.4 82.6 92.5 63.5 

Health conditions      
Years since PD diagnosis 8 5 1.5 3 6 

Falls experienced 1 0 0 0 0 

Most affected side R R R L L 

Hoehn and Yahr stage 2 1 1 2 2 

Weekly Exercise (min) 840 240 80 600 480 

 

C. Statistical analysis 

The trajectories of H and segmental contributions to H 
were compared between individuals with PD and healthy 
subjects during three tasks of stair ascent, stair descent and 
level walking. Statistical parametric mapping (SPM) t-test was 
used for comparisons (α=0.05) [19]. 

III. RESULTS 

A.  Whole-body angular momentum 

We analyzed the trajectories of H in three anatomical 
planes (Fig. 2). There were no differences of H between 

 
Figure 1. Twelve-segment human body model used to calculate whole-

body angular momentum (H) in three anatomical planes. 
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individuals with PD and healthy subjects during stair ascent 
and level walking. During stair descent walking, the 
magnitude of sagittal-plane H increased over 90% in 
participants with PD compared to healthy subjects in 15-20% 
gait cycle. The magnitude of transverse-plane H also increased 
over 60% in participants with PD in 57-67% gait cycle. 

B. Segmental contributions to H 

We calculated segmental contributions to H to study the 
interlimb coordination in dynamic balance regulation of 
people with PD. There was no difference of segmental 
contributions to H between individuals with PD and healthy 

subjects during stair ascent and level walking. During stair 
descent walking, the magnitude of lower-limb contribution to 
sagittal-plane H increased over 88% in participants with PD 
compared to healthy subjects in 15-21% gait cycle (Fig. 3).  

In stair descent walking, lower limbs, trunk and upper 
limbs, respectively, contribute on average 96%, 6% and -2% 
of sagittal-plane H in PD patients during 15-21% gait cycle. 
Meanwhile, lower limbs, trunk and upper limbs, respectively, 
contribute on average 84%, 12% and 2% of sagittal-plane H 
in healthy subjects. In individuals with PD, lower limbs, trunk 
and upper limbs, respectively, contribute 105%, 4% and -8% 
of transverse-plane H during 57-67% gait cycle. In healthy 

 
Figure 2. Three-dimensional normalized whole-body angular momentum (H) of healthy subjects (green) and individuals with PD (red) during stair ascent, 

level-ground and stair descent walking. Grey vertically shaded areas indicate regions of statistical significance from a SPM t-test (α=0.05). 

 
Figure 3. Segmental contributions to three-dimensional normalized whole-body angular momentum (H) of healthy subjects (green) and individuals with 
PD (red) during stair descent walking. Grey vertically shaded areas indicate regions of statistical significance from a SPM t-test (α=0.05). 
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subjects, lower limbs, trunk and upper limbs, respectively, 
contribute 178%, -7% and -69% of transverse-plane H during 
57-67% gait cycle. 

IV. DISCUSSION 

In this study, we used H to investigate the regulation of 
dynamic balance in individuals with PD relative to healthy 
persons during stair walking. Our first hypothesis that the 
magnitude of sagittal-plane H would be larger during stair 
walking in individuals with PD was supported. The increased 
magnitude of negative sagittal-plane H in the ipsilateral stance 
of stair descent walking suggests that individuals with PD 
experience greater difficulties maintaining forward dynamic 
balance in such tasks. Since tighter regulation of sagittal-plane 
H is favourable for fall prevention during stair descent walking 
[15], individuals with PD may experience higher risk of falling 
during this task.  

Our second hypothesis that lower limbs are the primary 
contributors to the increased H was also supported. During the 
ipsilateral stance of stair descent walking, lower-limb 
contributions to sagittal-plane H was greater in persons with 
PD compared to the healthy (Fig. 3). This may be due to the 
impaired function of the lower limb, especially the rigidity of 
the ipsilateral leg. Since sagittal-plane angular momentum of 
lower limbs are in opposite direction during gait [20], 
decreased movements of ipsilateral leg would lead to greater 
lower-limb contributions to sagittal-plane H. Furthermore, the 
magnitude of transverse-plane H was greater in individuals 
with PD in the contralateral leg stance of stair descent walking. 
This may be due to the rigidity of upper limbs of persons with 
PD, as the upper limb angular momentum was larger in the 
healthy to compensate the lower-limb angular momentum.  

Conventional clinical assessments, for example, the 
Dynamic Gait Index have been used to assess dynamic balance 
of individuals with PD. However, these clinical tests either 
measure the time used or rate qualitative scores for performing 
the tasks, and cannot provide quantitative measure of the 
whole trajectory of movement. Researchers have also used the 
trunk harmonic ratio to assess dynamic balance of individuals 
with PD [8], which may overlook the contributions of 
extremities in maintaining dynamic balance. Recently, H has 
been used to assess walking dynamic balance of individuals 
with neuromotor conditions, such as hemiparesis and post-
stroke [14], [21] [22]. The results of this study may suggest the 
potential of H to assess dynamic balance of PD populations, 
although it may be limited by the moderate number of subjects 
and the relatively young age of control subjects. While this 
study was conducted in a gait lab with motion capture system, 
sparse wearable sensors and machine learning algorithms may 
be used to assess dynamic balance based on H in real-time 
[23]. Future research should investigate the relationship 
between H and clinical balance test scores of people with PD. 
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