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Abstract 

Background Generation and regulation (control) of linear and angular momentum is a challenge during turn-
ing while walking which may be exacerbated by age-related changes. In healthy older adults, little is known 
about how momentum is controlled during turns, especially within each phase of gait. Each phase of gait affords 
unique mechanical contexts to control momenta and regulate balance. In healthy young adults, we found 
that the transverse-plane linear and angular momenta generation strategies observed within specific phases of gait 
during straight-line gait were also used during turns. Therefore, in this study, we investigated whether healthy older 
adults shared similar momentum control strategies specific to each gait phase during straight-line gait and turns.

Methods Nine healthy older adults completed straight-line gait and 90° leftward walking turns. We compared 
the change in transverse-plane whole-body linear and angular momentum across gait phases (left and right single 
and double support). We also compared the average leftward force and transverse-plane moment across gait phases.

Results We found that leftward linear momentum was generated most during right single support in straight-
line gait and leftward turns. However, in contrast to straight-line gait, during leftward turns, average leftward force 
was applied across gait phases, with left single support generating significantly less leftward average force than other 
gait phases. Leftward angular momentum generation and average moment were greatest during left double support 
in both tasks. We observed some within-participant results that diverged from the group statistical findings, illustrat-
ing that although they are common, these momenta control strategies are not necessary.

Conclusions Older adults generated transverse-plane linear and angular momentum during consistent phases 
of gait during straight-line gait and 90° turns, potentially indicating a shared control strategy. Understanding momen-
tum control within each phase of gait can help design more specific targets in gait and balance training interventions.
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Introduction
Linear and angular momentum must be generated and 
regulated (i.e., controlled) in the transverse plane to walk 
in a straight-line and to navigate real-world environments 
that require turning while walking. To walk in daily life, 
these momenta must be controlled through multilayered 
sub-system controller actions (e.g., muscle torques, etc.) 
so that the destination is reached without a fall [1]. Nota-
bly, up to 50% of our daily steps are part of turning gait, 
depending on the environment [2], and turning chal-
lenges momenta control beyond the demands of straight-
line gait [3]. In older adults, turns are more difficult to 
execute due to age-related physiological changes which 
affect momenta control, even in healthy older adults, 
such as declines in muscle strength and coordination [4].

Prior research has described linear and angular 
momentum patterns during straight-line gait in healthy 
young and older adults towards quantifying balance. In 
straight-line gait, linear momentum exhibits small oscil-
lations about zero in the medial–lateral (ML) direction 
[5] as weight shifts from one footfall to the next. Other 
work has shown that angular momentum during straight-
line gait is maintained near zero, oscillating about zero in 
each plane over the course of the gait cycle [1]. Coordi-
nating linear and angular momenta in straight-line gait 
allows maintenance of a constant speed and direction 
while facilitating balance. In turns, less is known about 
the neuromechanics of momenta control.

In walking turns, transverse-plane linear and angular 
momentum must be redirected towards the new direc-
tion of travel [6]. Specifically, linear momentum must 
be generated in the new desired direction travel so that 
the center of mass (COM) trajectory can redirect. In 
the angular domain, angular momentum must be gen-
erated to rotate the body about a vertical axis passing 
through the COM to change the body’s facing direction. 
While there are few prior studies about how older adults’ 
momentum is controlled during turns, in young and mid-
dle aged healthy adults, transverse-plane linear momen-
tum redirection has been shown to occur via medially 
directed forces over the course of the “outside” foot’s 
stance phase (e.g., right leg stance phase during left-
ward turn) [7–9]. During turns, transverse-plane angular 
momentum diverges from oscillating about zero [3] in 
order to achieve body rotation about vertical. For exam-
ple, during a 90° turn, average transverse-plane angular 
momentum was greater than it was during straight-line 
gait [10].

Investigating momentum generation within each 
of the four phases of gait is helpful because each gait 
phase affords unique mechanical contexts and turn-
ing while walking can occur over multiple steps 
[2]. This detailed information can be used in future 

rehabilitative practices to help diagnose motor con-
trol disfunction and train momenta generation strate-
gies specific to base of support contexts. For example, 
if axial body rotation and balance are facilitated when 
both legs are in contact with the ground, gait retrain-
ing approaches can provide more specific body rotation 
targets for double support gait phases. Using a frame-
work to investigate the contribution of each gait phase 
to momenta control, in young adults we found indica-
tors of momenta control strategies that were specific 
to each gait phase during seemingly disparate tasks [6]. 
Specifically, during straight-line gait, pre-planned and 
late-cued 90° leftward turns, leftward transverse-plane 
linear and angular momentum were primarily gener-
ated during right single support and left double support 
phases, respectively The mechanical context to generate 
linear and angular impulses differs greatly as the COM 
and base of support relationship changes between sin-
gle and double support phases in bipedal locomotion. 
Thus, our previous findings in young adults suggest 
that they leverage transverse-plane linear and angu-
lar momenta control specific to the gait phases during 
both straight-line gait and walking turns, despite dif-
ferences in momenta control demands and footfall pat-
terns across these tasks [6].

The primary purpose of this study was to understand 
whether transverse-plane linear and angular momen-
tum generation in older adults occurs during the same 
phases of gait in straight-line gait and 90° turns. We 
hypothesized that both the straight-line gait and 90° 
left turn tasks will exhibit (1) the largest increase in lin-
ear momentum (Δpx) and average leftward force  (Fx,avg) 
towards the new direction of travel during right single 
support vs. other gait phases, and (2) the largest leftward 
change in transverse-plane angular momentum (ΔHz) 
and average moment  (Mz,avg) during left double support 
vs. other gait phases.

Methods
Participants
Nine older adults (2  male, 7  female; 71 ± 6  years; 
73.6 ± 15.4  kg; 1.65 ± 0.06  m) participated in this experi-
ment after providing informed consent per Stevens 
Institute of Technology Institutional Review Board 
requirements. To meet the inclusion criteria, participants 
were over the age of 65 and indicated that they had not 
fallen within the prior six months, could walk at least one 
fourth of a mile unassisted in the community, scored 23 
or higher on the Montreal Cognitive Assessment [11] and 
19 or higher on the Dynamic Gait Index [12] (see Supple-
mental Document 1 for participant scores) and were free 
of injury or pain in the lower extremities.



Page 3 of 14Tillman et al. Journal of NeuroEngineering and Rehabilitation          (2024) 21:145  

Experiment setup and protocol
Twenty optical motion capture cameras tracked partici-
pants’ movements at 250 frames per second (Optitrack, 
Corvallis, OR USA). Rigid tracking marker clusters 
each with four reflective markers were affixed via ath-
letic wrap to the following segments: left and right foot, 
shank, thigh, forearm, and upper arm. To track the torso, 
a chest harness with four markers was worn; and to track 
the head, a headband with four markers was worn above 
the ears. To track the pelvis, four individual markers 
were adhered to each of the left and right anterior and 
posterior superior iliac spines. The mappings from track-
ing markers to anatomic markers were established dur-
ing calibration trials using a pointing device (Probe Kit, 
Optitrack, Corvallis, OR). Previously established meth-
ods were used to compute hip joint centers [13] and 
shoulder joint centers [14]. The full-body biomechanical 
model was then constructed following the method from 
Dumas et al. [15].

Similar to methods we previously described in a study 
of young adults [6], bright blue tape was placed on the 
black floor to form a walkway in the shape of a T-inter-
section (Fig. 1). Additional brightly colored plastic verti-
cal poles were placed at the corners of the intersection 
extruding upward from plastic cones so that the partici-
pants had an additional visual cue of the intersection to 
avoid excessive visual gaze to the floor to see the tape. 
These poles also may have limited inward lean at the 
intersection to avoid contact with the poles [16]. The 
walkway was 0.91 m (36 inches) wide, per ADA require-
ments [17]. The + Y direction was 10  m long, with the 
intersection halfway down the walkway, and the −  X 
direction was 4 m long.

A licensed physical therapist was present to perform 
standard gait assessments and to guard the participants’ 
balance during every trial. During a prior lab visit, the 
participants were screened to ensure they met the inclu-
sion criteria. At the beginning of the data collection lab 
visit, the physical therapist ensured participants were 
alert and oriented, measured their vitals (e.g., heart rate, 
blood pressure, respiratory rate, etc.), visual analog pain 
scale scores, and visual analog perceived rate of exertion. 
Then, the physical therapist performed manual muscle 
testing for each degree of freedom for the hip, knee, and 
ankle, along with a foot sensation 10 g monofilament test 
[18] and a proprioceptive contralateral joint matching 
test. Finally, participants performed the miniBEST test 
[19]. These data are provided in Supplemental Document 
1.

After calibration tasks and baseline assessments, par-
ticipants performed two tasks in sequential order. First, 
in the straight-line gait task, they walked within a 10 m 
walkway at their comfortable pace. In the turning task, 

they walked 5  m within the walkway, turned 90° to the 
left at an intersection, and walked 4 m in the new direc-
tion before stopping. Each task was repeated 12 times 
after two to four practice trials. Participants were also 
instructed on which foot to begin walking with, rand-
omized such that 50% of trials began with the left foot, 
like methods previously described [6].

Data analyses
Data analyses were conducted in MATLAB (Mathworks, 
Natick, MA). Data were smoothed and gap-filled (MAT-
LAB’s ‘csaps’ function with smoothing parameter set 
to 0.0005). One trial each from two participants were 
excluded due to reflective marker occlusion issues. The 
full-body biomechanical model [15] was computed using 
the relationship between each segment’s rigid tracking 
marker clusters and anatomic landmark positions, which 
also provided each segment’s mass and tensor of inertia. 
During the straight-line gait and turning tasks, linear 
momentum of the center of mass in the lab X direction 
(Fig.  1) and angular momentum about the vertical axis 
through the center of mass were computed at each frame, 
as previously described [6].

Linear momentum and angular momentum
Linear momentum −→p  was computed in the lab’s fixed ref-
erence frame. Scalar  px and  py are the components along 
the lab’s fixed X and Y axes.

Angular momentum 
⇀

H about the COM was computed 
using the formula from ref. [1]. The 

⇀

H vector is then 
expressed in a reference frame aligned with the pelvis to 
approximate the frontal-plane of the body [15], where + x 
points from left to right anterior superior iliac spine in 
the horizontal plane, + z is the lab’s vertical axis, and + y 
is in the horizontal plane perpendicular to + x and + z 
following the right-hand rule. Scalar frontal  (Hf) and 
transverse  (Hz) plane angular momentum values were 
obtained by extracting the second and third components 
of 

⇀

H , respectively.

Phase of interest
During straight-line gait, the phase of interest was the 
middle ~ 4  m of the walkway, bounded by heel strike 
events. The turn phase was defined by when pelvis head-
ing (yaw) angle exceeded a threshold value, as described 
in ref. [6] (Fig.  1C). This threshold was defined during 
straight-line gait as three times the standard deviation 
of the pelvis heading. During turning trials, when the 
pelvis heading angle exceeded this threshold value rela-
tive to the + Y lab axis, the turn phase was determined to 
start. The turn phase end was determined by when the 
pelvis heading angle relative to the − X lab axis decreased 
below the threshold value. The turn phase start and end 
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were then extended backwards and forwards in time, 
respectively, to the nearest heel strike event to ensure 
consistency in base of support context during the turn 
phase across trials [6, 20].

Gait phase computations
Gait events were computed using the method from Zeni 
et al. [21] adapted for turning gait [22]. Left and right sin-
gle and double support phases are the intervals between 

the corresponding gait phases. For example, left double 
support is the interval between left heel strike and right 
toe off.

The change in linear momentum (Δp) and angular 
momentum (ΔH) within each gait phase was computed 
as the final minus initial value during each phase. Then, 
average force  (Favg) and moment  (Mavg) were computed 
by dividing Δp and ΔH by each phase’s duration (in 
seconds).

Fig. 1 Example timeseries and COM trajectory during a 90° turn trial (participant 6). The footfall locations (at mid-stance) and COM trajectory—
colored black before and after the turn phase, colored by gait phase within the turn phase. On the timeseries graphs (A–C), gait phases 
during the turn are color coded
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When more than one repetition of a gait phase 
occurred during a turn, (e.g., two right single support 
phases in Fig. 1), their values were averaged. Thus, for 
each metric we obtained one value per trial for each of 
the four gait phases.

Contextual descriptive measures
In addition to the metrics in our hypotheses, we also 
computed descriptive measures, such as horizontal 
walking speed ( 

∣

∣

∣

⇀

vhoriz

∣

∣

∣
 ) and turn strategy to explore 

potential moderating variables. Turn strategy was com-
puted following the method from ref. [23]. To provide 
additional context of our findings when discussing 
results, we computed lateral distance (LD), which is the 
horizontal distance from the center of mass to the near-
est lateral edge of the base of support, in the direction 
aligned with the pelvis-fixed mediolateral axis [20]. 
These additional measures’ data are included in Supple-
mental Document 1 for future reference and results 
tables and results figures are in Supplemental Docu-
ment 3 to provide context within the discussion.

Statistical analyses
A linear mixed model was used to account for the hier-
archical relationships of the data. Fixed effects (main fac-
tors) included gait phase, task, and a gait phase by task 
interaction. Additionally, there were random intercepts 
for study participant and random slopes for trial number 
nested within task and participant (proc glimmix in SAS 
version 9.4; SAS Institute Inc., Cary, NC). Pairwise com-
parisons between gait phases within task and between 
task within gait phase were conducted within the model 
via orthogonal contrasts. The Holm test was used to 
adjust for multiple comparisons, maintain a two-tailed 
familywise alpha of 0.05 across all comparisons. We 
also performed two secondary analyses to preliminarily 
explore whether turn strategy (“spin” vs. “step” turns [24]) 
or gait speed, respectively, moderated the relationship 
between gait phase and outcome measures for each task 
(Supplemental Document 2). This study quantifies “step 
turns” as those with the outside foot placement closest to 
the center of the intersection (i.e., right foot during left-
ward turn) and “spin turns” with the inside foot place-
ment closest to the center of the intersection (i.e., left 
foot during leftward turns) [6, 20, 23].

Results
Data to reproduce these results are provided in Supple-
mental Document 1.

Global leftward (−X) change in linear momentum (Δpx) 
and average force  (Fx,avg).
The largest Δpx in the -X direction occurred during 
right single support phase during straight-line gait 
(p < 0.0001, Table  1) and turns (p ≤ 0.02).  Fx,avg was 
largest in the -X direction during right single support 
phase only during straight-line gait (p ≤ 0.0006). During 
turns, left single support  Fx,avg was significantly smaller 
than all other gait phases (p ≤ 0.0009), while the other 
gait phases were not significantly different from one 
another (p ≥ 0.11). Within-participant data is shown in 
Figs. 2 and 3 and within-participant statistical analyses 
are included in Supplemental Document 4.

Transverse‑plane change in angular momentum (ΔHz) 
and average moment  (Mz,avg)
ΔHz leftward was largest during left double support 
phase during each straight-line gait (p ≤ 0.009, Table 1) 
and turns (p ≤ 0.005).  Mz,avg was also largest during left 
double support during straight-line gait (p < 0.0001) and 
turns (p < 0.0001). Within-participant data is shown in 
Figs. 4, 5 and within-participant statistical analyses are 
included in Supplemental Document 4.

Between‑task comparison of primary variables within gait 
phase
Δpx and  Fx,avg both differed in straight-line gait vs. turns 
for all gait phases (p ≤ 0.009, Table  1). ΔHz and  Mz,avg 
both did not differ between straight-line gait and turns 
for any gait phase (p = 0.99; Table 1).

Additional contextual measures
While there were no hypotheses for auxiliary measures, 
they are included in Supplemental Document 3 to pro-
vide additional context.  LDmin during straight-line gait 
was not different between any gait phase except that 
 LDmin during left double support was less than during 
right single support (p = 0.02). During leftward turns, 
the  LDmin occurred during left single and double sup-
port (p-values left single or left double support vs. all 
other gait phases < 0.0001).  Hf,min was most negative 
(i.e., body above the COM rotates leftward) during left 
double support and right single support (compared to 
all other gait-phases, p ≤ 0.0014) during straight-line 
gait. During turns, all gait phases’  Hf,min besides right 
double support were not different (p ≥ 0.09).

Discussion
The purpose of this study was to investigate how whole-
body transverse-plane linear and angular momentum 
are generated within each phase of gait to execute 
straight-line gait and 90° pre-planned left turns. This 



Page 6 of 14
Tillm

an et al. Journal of N
euroEngineering and Rehabilitation          (2024) 21:145 

Table 1 Group-level estimated marginal means (95% confidence interval) and p-values of comparisons of linear and angular momentum variables across gait phase and across 
task

Bolded p-values indicate statistically significant differences

LDS: Left Double Support; LSS: Left Single Support; RDS: Right Double Support; RSS: Right Single Support; Δpx: change in global X-axis linear momentum;  Fx,avg: global X-axis average force, where negative X is leftward 
(the direction of the turn); ΔHz: change in transverse-plane angular momentum;  Mz,avg: average transverse-plane moment, where positive is leftward

Task Estimated Marginal Mean (95% CI) Post‑hoc comparisons (p‑value)

LDS LSS RDS RSS LDS v. LSS LDS v. RDS LDS v. RSS LSS v. RDS LSS v. RSS RDS v. RSS

Δpx (kg+m/s) Straight-line gait (S) − 1.95
(− 2.86, − 1.04)

10.05
(8.55, 11.55)

1.70
(0.45, 2.96)

− 9.71
(− 12.04, − 7.38)

< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

Pre-planned turns (PP) − 11.64
(− 13.45, − 9.83)

− 6.24
(− 9.30, − 3.17)

− 8.32
(− 10.10, − 6.55)

− 18.76
(− 22.81, − 14.72)

0.01 0.02 0.008 0.24 < 0.0001 < 0.0001

S vs. PP
(p-value)

< 0.0001 < 0.0001 < 0.0001 0.001 – – – – – –

Fx,avg (kg+m/s2) Straight-line gait (S) − 10.45
(− 15.14, − 5.78)

28.08
(23.46, 32.69)

8.78
(2.61, 14.96)

− 26.99
(− 33.47, − 20.50)

< 0.0001 < 0.0001 0.0006 < 0.0001 < 0.0001 < 0.0001

Pre-planned turns (PP) − 60.83
(− 71.17, − 50.48)

− 16.17
(− 24.23, − 8.11)

− 44.20
(− 55.75, − 32.64)

− 50.37
(− 60.27, − 40.47)

< 0.0001 0.11 0.30 0.0009 < 0.0001 0.42

S vs. PP
(p-value)

< 0.0001 < 0.0001 < 0.0001 0.0009 – – – – – –

ΔHz (kg+m2/s) Straight-line gait (S) 2.57
(2.02, 3.12)

− 1.38
(− 1.81, − 0.94)

− 2.62
(− 3.11, − 2.14)

1.43
(1.01, 1.85)

< 0.0001 < 0.0001 0.009 0.002 < 0.0001 < 0.0001

Pre-planned turns (PP) 2.55
(2.07, 3.03)

− 1.31
(− 1.65, − 0.98)

− 2.59
(− 3.11, − 2.06)

1.36
(0.88, 1.84)

< 0.0001 < 0.0001 0.005 0.001 < 0.0001 < 0.0001

S vs. PP
(p-value)

0.99 0.99 0.99 0.99 – – – – – –

Mz,avg (kg+m2/s2) Straight-line gait (S) 14.13
(11.27, 17.00)

− 3.85
(− 5.09, − 2.60)

− 14.55
(− 17.04, − 12.06)

4.02
(2.79, 5.26)

< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

Pre-planned turns (PP) 13.39
(10.85, 15.93)

− 3.52
(− 4.43, − 2.60)

− 13.27
(− 15.34, − 11.19)

3.73
(2.41, 5.04)

< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

S vs. PP (p-value) 0.99 0.99 0.99 0.99 – – – – – –
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Fig. 2 The change in global X-axis linear momentum (Δpx) for each gait phase during A, B straight-line gait, and C, D turns. Negative  px is leftward 
in the direction of the turn. The left panel A, C provides average Δpx for each gait phase, each trial, and each participant. In the right panel B, D, 
each circle indicates the average value for each participant across multiple trials and the bar represents the across-participant (group) averages. 
Horizontal lines with p-values indicate statistically significant differences between gait phases at the group level, those in gray are significant 
differences that were not related to the hypotheses
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Fig. 3 The average global X-axis force  (Fx,avg) for each gait phase during A, B straight-line gait, and C, D turns. Negative  Fx,avg is leftward 
in the direction of the turn. The left panel A, C provides average  Fx,avg for each gait phase, each trial, and each participant. In the right panel B, D, 
each circle indicates the average value for each participant across multiple trials and the bar represents the across-participant (group) averages. 
Horizontal lines with p-values indicate statistically significant differences between gait phases at the group level, those in gray are significant 
differences that were not related to the hypotheses
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Fig. 4 The change in transverse-plane angular momentum (ΔHz) for each gait phase during A, B straight-line gait, and C, D turns. Positive ΔHz 
is leftward in the direction of the turn. The left panel A, C provides average ΔHz for each gait phase, each trial, and each participant. In the right 
panel B, D, each circle indicates the average value for each participant across multiple trials and the bar represents the across-participant (group) 
averages. Horizontal lines with p-values indicate statistically significant differences between gait phases at the group level, those in gray are 
significant differences that were not related to the hypotheses
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Fig. 5 The average transverse-plane moment about a vertical axis through the COM  (Mz,avg) for each gait phase during A, B straight-line gait, and C, 
D turns. Positive  Mz,avg is leftward in the direction of the turn. The left panel A, C provides average  Mz,avg for each gait phase, each trial, and each. In 
the right panel B, D, each circle indicates the average value for each participant across multiple trials and the bar represents the across-participant 
(group) averages. Horizontal lines with p-values indicate statistically significant differences between gait phases at the group level, those in gray are 
significant differences that were not related to the hypotheses
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purpose aims to inform more specific targets for future 
clinical interventions. Our first hypothesis, that left-
ward linear momentum would be generated most dur-
ing right single support in straight-line gait and turns, 
was supported for Δpx in both tasks. For  Fx,avg, this was 
only supported during straight-line gait: during turns, 
right single support was not different from any gait 
phase besides left single support, with left single sup-
port generating the least average leftward force. We also 
hypothesized that leftward transverse-plane angular 
momentum about the center of mass would be gener-
ated most during left double support, which was sup-
ported for both ΔHz and  Mz,avg. These results suggest 
that during both straight-line gait and turns, a common 
control strategy is used to generate COM leftward lin-
ear momentum during right single support phase and 
changes in body-facing direction leftward are initiated 
most during the left double support phase of gait. This 
similarity occurred despite a variety of footfalls used 
to perform the turns (data in Supplemental Document 
1; example trials provided in Fig.  1 and Supplemental 
Fig. 3.1).

This older adult cohort generated leftward linear 
momentum primarily during right single support. In 
straight-line gait, the body shifts weight between left 
and right feet, with the largest mediolateral accelerations 
during the single support phases [5]. When focusing on 
leftward weight shifts in straight-line gait, the right sin-
gle support phase facilitates the largest leftward linear 
momentum generation because it allows the COM to 
travel leftward leading to the left foot’s heel strike. Thus, 
the body progresses to the left foot and the left double 
support phase can arrest leftward linear momentum in 
order for the COM to  remain within the base of sup-
port. The other gait phases do not facilitate the ability to 
accelerate the COM leftward without imposing a greater 
challenge to medial–lateral balance maintenance. For 
example, during right single support, if excess leftward 
linear momentum is generated, this excess momen-
tum can be controlled by placing the left foot more lat-
erally than normal. In contrast, if excess leftward linear 
momentum is generated during left single support, a 
cross-over step may be needed, and is more challenging 
to coordinate [5, 25]. When completing a walking turn, 
the affordances of these gait phases remain similar for 
generating the greatest linear momentum leftward dur-
ing right single support. However, there were differences 
in how much each gait phase contributes to leftward 
forces between straight-line gait and pre-planned 90° 
leftward turns.

During pre-planned 90° leftward turns, all gait phases 
generated leftward linear momentum and average left-
ward force, with significantly less average leftward force 

generated during left single support. This result was 
also exhibited by young adults in our previous study [6], 
though future studies can directly compare across young 
and older adult cohorts. This is sensible because if the 
left single support gait context is when people generate 
leftward forces similar to those generated during other 
gait phases, excess lateral momentum could conflict 
with balance maintenance (as discussed in the previous 
paragraph). Using multiple gait phases to generate lin-
ear momentum and average force in the new direction 
of travel is beneficial during turns, given the increased 
demand to do so relative to the demand during straight-
line gait.

This older adult cohort generated the greatest left-
ward angular momentum and average moment (ΔHz and 
 Mz,avg) during left double support. This finding was also 
observed in young adults [6], though future studies can 
directly compare across cohorts. In straight-line gait, the 
body oscillates in small, approximately symmetric, rota-
tions about vertical [1]. Specifically, during left double 
support, the body starts to rotate to the left to prepare for 
the right leg to push off the ground (the zero-crossings 
are at heel strikes) [6]. Left double support phase facili-
tates the largest leftward change in angular momentum 
and average moment because double support enables 
greater control of body rotation without compromis-
ing balance. This is because extraneous linear impulses 
can be concurrently neutralized by both support legs 
[6, 26]. Finally, there were no significant differences in 
angular momentum and moment generation between 
tasks, within each gait phase. This indicates that, unlike 
linear momentum, angular momentum generation pat-
terns were consistent between straight-line gait and 
turns. Although the demand to rotate the body to a new 
facing direction increases in turns vs. straight-line gait, 
the gait phase contributions to rotating the body about 
vertical remain similar. In this study of older adults (and 
our previous study of young adults [6]), there were non-
significant decreases in rightward angular momentum 
and average moment during right double support and left 
single support during pre-planned turns vs. straight-line 
gait. The decreased rightward angular momentum gen-
eration likely facilitates a net change in body facing direc-
tion leftward, though this non-significant observation 
warrants further investigation.

For context, we offer a description of balance measures 
and momenta control in other axes and initial explo-
ration of gait speed. Left double support was the phase 
used to generate the most leftward transverse plane 
angular momentum during leftward turns. Left dou-
ble support was also the phase with the largest average 
leftward force, though this trend was not significant at a 
group level. Additionally, in the frontal-plane, left double 
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support was also when the distance between the lateral 
edge of the base of support and the COM is minimal 
 (LDmin) and when the frontal-plane angular momen-
tum reaches extrema such that the body above the COM 
rotates leftward  (Hf,min) (Supplemental Document 3). 
Thus, left double support is a phase that may have spe-
cific balance control demands during turns. To meet 
these demands, the healthy older adults in this study also 
exhibited that their average frontal plane moment  (Mf,avg) 
would tend to rotate the body in the opposite (rightward) 
direction during that phase; facilitating balance even if 
the frontal-plane balance measures are at extrema. In 
other words, even though the body can be tilting leftward 
 (Hf < 0), the moment applied would tend to arrest this 
rotation  (Mf,avg > 0).

The within-participant statistical analyses included 
in Supplemental Document 4 revealed that not all older 
adults in this cohort exhibited the group statistical find-
ings. For example, one participant generated the greatest 
change in angular momentum during right single sup-
port during straight-line gait (participant 7 as seen in 
Figs.  2C and 4A). During straight line gait, two of nine 
did not follow the group trend for average leftward force 
being significantly greatest during right single support 
(participants 3 and 8; Fig. 3A). During turns, two of nine 
did not generate significantly greater linear momentum 
during right single support (participants 2 and 7; Fig. 2C) 
and two of nine did not generate statistically less average 
leftward force during left single support (participants 2 
and 8; Fig.  3C). Interestingly, seven of nine participants 
demonstrated (not necessarily significantly) that the 
estimated marginal mean of the average leftward force 
was greatest during left double support during turns, 
with two of these participants exhibiting this trend sig-
nificantly. This is interesting given the challenges to bal-
ance that may occur during left double support, such 
as minima in lateral distance and frontal-plane angular 
momentum (as discussed in the prior paragraph). The 
within-participant results in our prior study of young 
adults [6] indicated that only three of ten young adults 
exhibited the greatest estimated marginal means of  the 
average leftward force occurring during left double sup-
port, with none exhibiting this trend significantly.

There are a few possible contributing factors for par-
ticipant-specific responses that we propose to investigate 
in the future. For one, there is no mechanical necessity to 
generate greater linear momentum or average leftward 
forces during certain gait phases. Additionally, linear 
metrics (change in leftward momentum and average left-
ward force) may be moderated by turn strategy, as indi-
cated by our preliminary exploration of this factor. Gait 
asymmetry in older adults [27, 28] may also contribute to 
momenta generation occurring in differing gait-phases. 

For example, during straight line gait, participants 3 and 
8 generated approximately equal leftward force during 
right single support and left double support, rather than 
exhibiting greater leftward force during right single sup-
port (Fig.  3A). As another possible contributing factor, 
older adults have been found to use longer double sup-
port durations than young adults, especially if they are 
navigating around obstacles or fearful of falls [29, 30]. 
Our cohort of older adults used double support durations 
as a percent of gait cycle that were, on average, 33.47% 
(± 1.84% standard deviation) during straight-line gait 
and 34.16% (± 2.19% standard deviation) during turns. 
Thus, for some participants, the linear momentum that 
could otherwise be generated within the single support 
phase could become more distributed across single and 
double support phases. Future research can elucidate if 
momenta generation that is less distinct between gait-
phases is observed more frequently in balance-impaired 
populations.

The detailed understanding of the momenta generation 
strategies used by healthy individuals during turns can 
be used to establish approaches for more targeted reha-
bilitation. For instance, let us imagine a future case of an 
individual receiving balance rehabilitation after falls that 
occur when circumventing obstacles. We find that during 
leftward turns, they generate the largest leftward linear 
and angular momenta during left single support—while 
also experiencing extrema in their frontal-plane balance 
metrics (e.g., angular momentum and LD minima) during 
left single support. This information allows pinpointing 
treatment to improve momenta control within specific 
stance configurations and dynamics. This momenta con-
trol intervention could include practicing generating 
leftward linear momentum during right single support 
contexts (e.g., side-stepping exercises initiated from right 
single support) and generating leftward angular momen-
tum during left double support contexts (e.g., practic-
ing axial rotations while in tandem stances of different 
widths). This intervention may also include de-coupling 
changes in body rotation and linear translation, strength-
ening left hip abductors, planning a wider turn radius 
or stepping strategies that reduce the likelihood of pre-
carious balance states [20], practicing recovery steps after 
leftward perturbations, etc. The intervention outcome 
measure could include reaching targets for momenta 
generation for each gait phase using established healthy 
ranges for momenta control.

During turns, the older adults used a significantly 
slower gait speed than they used during straight-line gait 
(Supplemental Document 3) [6]. While future studies can 
better elucidate what happens during turns performed 
at different speeds, we initially explored accounting 
for gait speed statistically in this study (Supplemental 
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Document 2). The effect of gait phase on each of the four 
primary variables was not moderated by gait speed for 
any variable (p ≥ 0.09). The older adults’ slow gait speed 
yielded a COM trajectory in some participants visu-
ally similar to those illustrated by [8] during a 270° turn 
(with 1-m radius curved walkway) performed at gait 
speeds between 0.6 m/s and 1.0 m/s. The visual similar-
ity included straighter COM trajectory portions inter-
laced with smaller curves, which stands in contrast to the 
smooth curvature of the COM trajectory we observed 
in young adults during pre-planned turns [6]. We pos-
tulate that this COM trajectory could be further studied 
with respect to older adults’ reduced momenta control 
abilities, as they may be alternating between prioritiz-
ing changing direction (the curved portions) and balance 
maintenance (the straighter portions) across multiple 
footfalls.

This study has several limitations, primarily meth-
odological. We have a small sample size of nine healthy 
older adults, who do not represent the general older adult 
population. They had not fallen in the past six  months 
and were quite active: exercising often and walking five 
to ten hours per week (physical activity levels included 
in Supplemental Document 1). Next, by averaging across 
multiple instances of gait phases, we may be reporting 
attenuated momenta, acceleration, or moment genera-
tion for each gait phase. For example, in Fig. 1, the first 
right single support phase has significantly more change 
in linear momentum than does the second instance of 
right single support. As discussed, gait speed was not 
controlled, which allowed us to capture how individuals 
chose to navigate this turning task, closer to representing 
well-practiced real-world walking turns. However, future 
research can experimentally control gait speeds, which 
may minimize across-participant differences and build 
a better understanding of how momenta is controlled 
during faster and more challenging turns. Finally, we 
chose to examine momenta generation from a lab-fixed 
perspective to align with the global transverse-plane 
mechanical objectives of the turn. Naturally, this affects 
our interpretation of the data compared to a body-fixed 
reference frame, especially for the linear momenta met-
rics [31].

Future work related to momenta control during turns 
can focus on any of several areas to inform more spe-
cific clinical targets in rehabilitation. For instance, by 
better understanding the three-dimensional coordi-
nation of momenta control during turns with a larger 
and more gender-balanced sample, clinical indicators 
of balance dysfunction and normative targets can be 
further developed. It is also important to investigate 
direct comparisons between fall-prone and not fall-
prone older adults, as well as other balance-impaired 

other populations. Future work may also benefit from 
understanding momenta control per gait phase from 
body-fixed reference frames or joint-level comparisons 
to inform clinical targets specific to segmental coordi-
nation and joint strength.

Conclusion
During 90° left turns, healthy older adults generated the 
greatest  linear momentum in the direction of the turn 
(leftward in the global coordinate system) during right 
single support, and the greatest  angular momentum 
in the direction of the turn (leftward in the transverse 
plane) during left double support. These findings are 
among the first descriptions of older adult momenta 
control during turns and provide a foundation for 
future work to improve older adults’ preventative and 
rehabilitative care. Understanding momentum control 
within each phase of gait can help design more specific 
targets in gait and balance training interventions.
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