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Abstract

Background: Adjusting walking speed on demand is fundamental to daily mobility and 
is achieved by modulating the anterior–posterior ground reaction force. However, kinetic 
control at the onset of a velocity change has not been isolated from control during an ongoing 
change or from the confounding influence of instantaneous speed. This study characterized 
step-by-step modulation of peak braking force (BF) and peak propulsive force (PF) during 
externally imposed velocity transitions and continuous velocity change. Methods: Nineteen 
healthy young adults walked on an instrumented dual-belt treadmill while belt speed 
was modulated sinusoidally. Transitions from constant speed to acceleration (CtoA) or 
deceleration (CtoD) were compared with continuous acceleration and deceleration. Each 
outcome was analyzed with a linear mixed-effects model with stepwise belt speed as a 
covariate. Results: The condition × step interaction was significant for both BF and PF in 
each condition pair (all PFDR  < 0.001; η2 p  = 0.042–0.223). PF changed at the transition step 
in both CtoA and CtoD, whereas BF changed at the transition step in CtoA but one step later 
in CtoD. These changes differed from the continuous conditions and were not explained by 
instantaneous belt speed. Vertical ground reaction force and spatiotemporal parameters did 
not parallel these changes. Conclusions: Treadmill-imposed velocity transitions elicited 
the step-by-step modulation of braking and propulsive forces corresponding to transition 
onset. However, these findings cannot be directly generalized to self-initiated speed changes 
during overground walking.

Keywords: gait; ground reaction force; instrumented treadmill; braking force; walking 
speed transition; propulsion

1. Introduction
In daily life, walking rarely occurs at a constant speed. Community ambulation consists 

of short walking bouts punctuated by frequent starts, stops, and changes in pace [1]. 
Inconsistent speed profiles, including acceleration and deceleration, have been identified in 
both computational models and human participants, particularly during shorter bouts [2]. 
Therefore, adjusting walking speed on demand is a basic requirement for functional mobility 
and underpins assessment of gait adaptability [3]. Adjusting speed is mechanically more 
demanding than maintaining a steady pace [4]. This adjustment is achieved by modulating 
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the anterior–posterior ground reaction force (GRF): propulsive and braking forces increase 
during acceleration and deceleration, respectively [4,5]. Understanding how this kinetic 
modulation is organized is essential for understanding the control of gait in daily life.

Walking speed is a primary determinant of the GRF. During steady walking at dif-
ferent speeds, the vertical and anterior–posterior force peaks increase systematically with 
speed [6,7]. During acceleration and deceleration, anterior–posterior force impulses are 
positively related to speed [4]. Across the steps surrounding voluntary acceleration or 
deceleration, spatiotemporal parameters, lower-limb joint kinematics, and muscle activity 
are adjusted [8–10]. During voluntary overground transitions, the transition to acceleration 
reduced braking force, whereas the transition to deceleration increased it [11]. Functional 
changes in lower-limb joint kinetics have also been implicated in acceleration and decelera-
tion [12,13].

Despite this body of work, kinetic control specific to changes in walking speed has 
not been elucidated for three main reasons. First, the transition from steady walking to a 
speed change has already been reported [11] but has not been compared with an ongoing 
change under the same experimental conditions. The control of the state transition may 
be distinct, as illustrated by a well-established example: gait initiation differs from either 
the standing or steady walking state [14,15]. Indeed, kinetic control around the transition 
from constant speed to acceleration or deceleration may differ from that during continuous 
acceleration or deceleration. Second, because force scales with speed, a change in braking 
or propulsive force during a speed change may simply reflect the instantaneous speed 
at that step rather than condition-specific modulation, unless the instantaneous speed is 
accounted for. Third, although the timing of a self-generated speed change can be cued, its 
magnitude and acceleration rate may be only loosely specified and may therefore vary across 
participants and trials. In a speed-change walking task, the coefficient of variation of the 
velocity of the center of mass nearly doubled in both older and younger adults from the pre-
transition step to the transition and post-transition steps [10]. Therefore, previous findings 
may include kinetic adjustments confounded by the uncontrolled variability inherent in 
voluntary speed changes.

To isolate transition-specific control, we combined all three elements. First, each 
velocity transition was compared with a continuous velocity change in the same direction. 
Second, the instantaneous belt speed at each step was entered as a covariate. Use of a linear 
mixed model can distinguish effects of speed from those of interindividual variation [16]. 
Third, the velocity change was imposed externally on an instrumented treadmill with fixed 
timing, magnitude, and acceleration rate so that the response reflected the imposed change 
rather than a self-generated one.

This design was used to characterize how peak braking and propulsive forces are 
modulated step-by-step during externally imposed velocity transitions in healthy young 
adults and to determine whether this modulation differs from that during continuous 
velocity change. We expected that transitions to acceleration would elicit an immediate 
decrease in peak braking force and an immediate increase in peak propulsive force, whereas 
transitions to deceleration would elicit the opposite changes [4,11]. We further hypothesized 
that these changes at the transition step would be different from those during continuous 
velocity change and would not be explained by instantaneous speed.

2. Materials and Methods
2.1. Participants

Twenty-one healthy young adults were recruited. The inclusion criteria were (1) age 
18–40 years and (2) the ability to complete a 3.5-min continuous walk without fatigue. The 
exclusion criteria were (1) a body mass index exceeding 30 kg/m2  and (2) any orthopedic 
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or neurological condition that could affect gait. After data collection, two participants who 
stepped beyond the treadmill midline were excluded from the analysis because ground 
reaction forces of each foot could not be separated between the two belts. Thus, finally, 19 
healthy young adults (13 women and 6 men) were included in the analysis. Participants 
were 24.5 ± 1.8 years of age, 164.4 ± 7.4 cm in height, and 59.8 ± 12.1 kg in body weight. The 
baseline belt speed was 1.09 ± 0.12 m/s, corresponding to 50% of the maximum overground 
walking speed calculated from the 10-m walk time (4.60 ± 0.53 s). Characteristics of women 
and men are presented separately in Table S1.

This study was approved by the Institutional Review Board of Kanagawa Rehabili-
tation Hospital (approval number: krh-2024-019) and conducted in accordance with the 
Declaration of Helsinki. Written informed consent was obtained from all participants 
before enrollment.

2.2. Instrumentation and Walking Program
GRF and belt speed were recorded using an instrumented dual-belt treadmill with 

embedded force plates (M-Gait, Motek Force Link, Houten, Netherlands). Before the 
treadmill protocol, participants walked overground at maximum speed (Vmax ) along a 16 m 
straight track; the middle 10 m section was timed to determine each participant’s maximum 
walking speed. They then stood on a stationary treadmill for at least 5 s and subsequently 
walked for 30 s at a constant speed set to 50% of each participant’s maximum walking speed. 
The final 10 steps of this 30 s constant-speed period constituted the baseline period and 
served as the reference.

The subsequent 3 min walking program incorporated five positive and five nega-
tive sinusoidal velocity modulation cycles applied intermittently and irregularly within a 
constant-speed background. The positive and negative sinusoidal patterns were defined 
as follows:

vt  = (4/5)Vmax  sin (t) + (1/2)Vmax (1)

vt  = −(4/5)Vmax  sin (t) + (1/2)Vmax (2)

where t represents the time in seconds. Each sinusoidal cycle had a peak-to-peak amplitude 
of 80% of Vmax  and a period of 2π s. The order and timing of the 10 cycles differed among 
the three predefined program versions, which were randomly assigned to the participants. 
Only three program versions were used; thus, the order of conditions was not fully counter-
balanced across participants (6, 7, and 6 participants were assigned to versions 1, 2, and 3, 
respectively). Fatigue was not formally assessed; however, no participant reported fatigue, 
and the experimenter observed no signs of fatigue during the protocol. A representative 
belt-speed profile of the entire program is shown (Figure 1A). For safety, all participants 
were verbally instructed to lightly grip handrails throughout the walking program; the 
experimenter visually confirmed that all participants did so. Handrail forces were not 
measured. The GRF and belt speed were sampled at 300 Hz from both belts. GRF values 
below 15 N were set to zero, and the signals were low-pass filtered at 15 Hz. The belt-speed 
data were smoothed using a 50 ms moving average to remove high-frequency noise.

2.3. Walking Intervals and Step Labeling
Four experimental conditions were identified using the sinusoidal velocity-modulation 

program (Figure 1B,C). For the velocity transition conditions, constant-to-acceleration 
(CtoA) was defined as the interval surrounding the onset of a positive sinusoidal cycle, 
and constant-to-deceleration (CtoD) as the interval surrounding the onset of a negative 
sinusoidal cycle. In both cases, Step 0 was defined as the step initiated by the final initial 
contact immediately before the belt speed transition, with the subsequent step labeled Step 
+1 and the preceding step labeled Step −1. For continuous velocity-change conditions, the 
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acceleration condition (ACC) was identified within each negative sinusoidal cycle, and the 
deceleration condition (DEC) within each positive sinusoidal cycle. In ACC and DEC, Step 
−1 was assigned to the step with a mean belt speed closest to the baseline mean within each 
sinusoidal cycle; Step 0 was defined as the next step and Step +1 as the subsequent step. 
In DEC, the belt-speed trough was near the boundary of Steps +1 and +2; therefore, the 
mean belt speed at Step +2 increased (Figure 2). Consequently, increases in Peak PF and 
Peak vGRF 2nd at Step +1 in DEC were interpreted as an artifact of the analysis window 
rather than a response to deceleration and were therefore not interpreted as deceleration 
responses in the subsequent sections. Within each cycle, steps at which the mean belt speed 
changed relative to the preceding step in the direction opposite to that expected for the 
condition (a decrease in ACC and CtoA; an increase in DEC and CtoD) were excluded from 
the analysis. For stride-level variables, strides beginning at an excluded step were excluded. 
This criterion was applied to Steps 0 and +1 in ACC and DEC, and to Step +1 in CtoA and 
CtoD, because Step 0 in transition conditions belonged to the constant-speed period.

Figure 1. Protocol schematic of belt-speed modulation and phase definitions. Panel (A) shows the raw 
belt-speed time series for a representative participant across the full program. Panels (B,C) illustrate 
a positive and a negative sinusoidal cycle, respectively, used to define the ACC, CtoA, DEC, and CtoD 
conditions and the step-labeling scheme. In Panels (B,C), vertical lines indicate the initial contacts 
corresponding to each step: solid lines indicate step −1, dashed lines indicate step 0, dash-dotted 
lines indicate step +1, and dotted lines indicate step +2. Step 0 denotes the transition step in CtoA 
and CtoD or the reference step in ACC and DEC. ACC, acceleration condition; DEC, deceleration 
condition; CtoA, constant speed to acceleration; CtoD, constant speed to deceleration.

2.4. Outcome Variables
Two primary outcome variables were derived from the anterior–posterior GRF: peak 

braking force (Peak BF), defined as the maximum posteriorly directed GRF, and peak 
propulsive force (Peak PF), defined as the maximum anteriorly directed GRF within the 
stride (Figure 3).
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Figure 2. Belt-speed profile. Mean ± SD belt speed (m/s) across Steps −1, 0, +1, and +2 for ACC, 
CtoA, DEC, and CtoD. Step +2 represents the velocity context sampled within the Step +1 stride 
window. SD, standard deviation; ACC, acceleration condition; DEC, deceleration condition; CtoA, 
constant speed to acceleration; CtoD, constant speed to deceleration.

Figure 3. Anterior–posterior and vertical GRF waveforms normalized to stance by condition. Group-
mean GRF waveforms (normalized to 0–100% stance) at Steps −1, 0, and +1 for each condition 
(ACC, CtoA, DEC, CtoD). The top row shows anterior–posterior GRF (AP-GRF); the bottom row 
shows vertical GRF (vGRF). AP-GRF, anterior–posterior ground reaction force; vGRF, vertical ground 
reaction force; ACC, acceleration condition; DEC, deceleration condition; CtoA, constant speed to 
acceleration; CtoD, constant speed to deceleration.

Secondary outcome variables included two vertical GRF peaks and two spatiotemporal 
parameters (step time and step length). First and second vertical GRF peaks (Peak vGRF 
1st and Peak vGRF 2nd) were defined as the maximum vertical GRF within the first and 
second halves of the stance phase, respectively.

All GRF-derived variables were normalized to the mean vertical force recorded during 
the initial stationary standing period on the treadmill, during which participants did not 
hold handrails, and are expressed as a percentage of body weight (%BW).
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2.5. Statistical Analysis
All analyses were conducted using R software (version 4.5.0; R Foundation for Statisti-

cal Computing, Vienna, Austria).
Primary (Peak BF and Peak PF) and secondary outcomes (Peak vGRF 1st, Peak vGRF 

2nd, step time, and step length) were analyzed using a linear mixed-effects (LME) model. 
Separate models were fitted for each outcome variable and condition pair (CtoA vs. ACC, 
and CtoD vs. DEC). The mean belt speed of each step and cycle number within each condi-
tion (1–5) were included as continuous covariates to consider velocity-related confounders 
across conditions and to control for practice and fatigue effects, respectively. Belt speed 
was entered as a linear covariate, following previous work that modeled anterior–posterior 
GRF impulses as a linear function of walking speed during non-steady-state treadmill 
walking [4]. Condition was a two-level fixed factor, and the step was an ordered factor with 
three levels (−1, 0, +1). Participant was included as a random intercept. The condition ×
step interaction was the primary term of interest. Each participant contributed five cycles 
per condition, yielding 95 observations (19 participants × 5 cycles) per condition × step 
cell. The exclusion criterion (Section 2.3) removed only eight observations at Step +1 in 
DEC (three to five observations retained per participant; all 19 participants retained), and 
no other cell was affected. Consequently, each model included 570 observations for the 
CtoA–ACC pair and 562 for the CtoD–DEC pair, irrespective of outcome. To characterize 
between-participant variability, variances of the participant random intercept and residual 
were extracted from each model; the intraclass correlation coefficient (ICC) was calculated 
as the random-intercept variance divided by the sum of the random-intercept and resid-
ual variances. Model convergence was verified by confirming the absence of convergence 
warnings and singular fits.

Fixed effects were tested with Type III sums of squares, with denominator degrees 
of freedom estimated using Satterthwaite’s approximation. Post hoc contrasts between 
consecutive steps (Step 0 versus Step −1; Step +1 versus Step 0) were computed using the 
Kenward–Roger approximation, with Bonferroni correction applied to the two comparisons 
within each condition. To control for the false discovery rate (FDR) across models, raw p val-
ues for the condition × step interaction were adjusted using the Benjamini–Hochberg (BH) 
procedure applied separately across the four primary models and eight secondary models.

Belt speeds are summarized descriptively. The similarity of Step −1 belt speed to the 
constant-speed baseline was evaluated by calculating the 95% confidence interval (CI) for 
the within-participant mean difference (Methods S1; Table S2).

Residual normality and power simulations are reported in Table S3. To assess the ro-
bustness of the interaction tests to non-normal residuals, a participant-level cluster bootstrap 
(2000 replicates) was performed as a sensitivity analysis (Methods S2).

3. Results
The imposed belt speed program dissociated walking velocity from the step label 

within each condition pair (Figure 2). In the continuous conditions, belt speed changed 
markedly between Step −1 and Step 0 (ACC: 1.10 → 1.37 m/s; DEC: 1.11 → 0.78 m/s). In the 
transition conditions, belt speed also changed in the expected direction from Step −1 to Step 
0, but by a smaller amount (CtoA: 1.09 → 1.12 m/s; CtoD: 1.09 → 1.06 m/s), with the larger 
change occurring at Step +1 (CtoA: 1.31 m/s; CtoD: 0.81 m/s). Because the same step label 
corresponded to different instantaneous velocities across the two conditions of a pair, the 
stepwise belt speed was entered as a covariate in all outcome models. Nonetheless, ranges 
of belt speed overlapped between the two conditions of each pair at every step (Table S4 
and Figure S1).
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The stride labeled Step +1 partially sampled the Step +2 interval; therefore, belt speed 
is reported through Step +2 (Figure 2). In the DEC, the belt speed reached its nadir near 
Step +1 and began to re-accelerate in Step +2 (Figure 2). Within-participant comparisons 
showed that Step −1 belt speed closely matched the constant-speed baseline in all four 
conditions (mean differences ≤ 0.021 m/s) (Table S2).

The condition × step interaction was significant for both primary outcomes (peak BF 
and PF) in both condition pairs, CtoA–ACC and CtoD–DEC, indicating that the step-by-step 
trajectories of the braking and propulsive forces in each transition condition diverged from 
those in the corresponding continuous condition (all p FDR  < 0.001; Table 1, Figure 4). 
Interaction effect sizes ranged from η2 p  = 0.042 (Peak BF, CtoA–ACC) to η2 p  = 0.223 (Peak 
PF, CtoD–DEC).

Table 1. Step-by-step estimates of the primary anterior–posterior GRF outcomes (Peak BF, Peak PF) 
with the corresponding LME results.

Condition Step −1 Step 0 Step +1 Step Condition Interaction 𝛈2 p 

EMM 
(SE)

EMM
(SE)

EMM
(SE) F (p) F (p) F (p FDR )

Peak BF CtoA 17.43
(0.78)

16.51
(0.77) a 

15.66
(0.73)

1.36
(0.259)

28.95
(<0.001)

12.05
(<0.001) 0.042

ACC 14.12
(0.77)

14.10
(0.74)

15.31
(0.93) — — — —

CtoD 12.07
(0.56)

12.39
(0.55)

13.74
(0.53) b 

1.57
(0.209)

5.25
(0.022)

23.53
(<0.001) 0.080

DEC 14.45
(0.57)

13.30
(0.54) a 

12.38
(0.70) — — — —

Peak PF CtoA 22.10
(0.74)

23.21
(0.72) a 

24.88
(0.68) b 

0.78
(0.461)

1.15
(0.284)

23.30
(<0.001) 0.078

ACC 24.36
(0.73)

24.12
(0.70)

22.94
(0.89) — — — —

CtoD 17.57
(0.50)

16.01
(0.49) a 

13.56
(0.46) b 

10.35
(<0.001)

0.01
(0.942)

76.92
(<0.001) 0.223

DEC 15.43
(0.51)

14.42
(0.47)

17.36
(0.66) b — — — —

The conditions and model specification are as described in the Methods section. Each model included 
570 (CtoA–ACC) or 562 (CtoD–DEC) observations from 19 participants. Values are presented as 
EMMs (SEs), expressed as %BW. F statistics are provided for the step and condition main effects 
and the condition × step interaction. Interaction p values were adjusted using Benjamini–Hochberg 
correction across the four primary models. η2 p  is the partial eta-squared for the interaction. a  and b 
denote Bonferroni-corrected p < 0.05 for the Step −1 vs. Step 0 and Step 0 vs. Step +1 comparisons 
within each condition. GRF, ground reaction force; BF, braking force; PF, propulsive force; LME, linear 
mixed-effects; SE, standard error; EMM, estimated marginal mean; %BW, percentage of body weight.

The transition to acceleration decreased Peak BF at the transition step, as hypothe-
sized, whereas the transition to deceleration elicited no significant change at the transition 
step but increased it at the next step (Figure 4A,B). Peak BF in CtoA was elevated at Step 
−1 (17.43%BW) and decreased significantly to Step 0 (16.51%BW; p = 0.020), with no 
significant change to Step +1 (15.66%BW; p = 0.156); in ACC, Peak BF did not change signif-
icantly from Step −1 to Step 0 (14.12 and 14.10%BW; p > 0.999) and to Step +1 (15.31%BW; 
p = 0.051). Peak BF in DEC decreased significantly from Step −1 to Step 0 (14.45 to 
13.30%BW; p = 0.036), with no further significant change to Step +1 (12.38%BW; p = 0.086); 
in CtoD, Peak BF did not differ between Step −1 and Step 0 (12.07 and 12.39%BW; p = 0.617) 
but increased significantly at Step +1 (13.74%BW; p = 0.003). Thus, the CtoD–DEC interac-
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tion for Peak BF reflected opposite step-wise trajectories in the two conditions—a decrease 
from Step −1 to Step 0 in DEC and an increase from Step 0 to Step +1 in CtoD—rather than 
reflecting a change in CtoD alone.

Figure 4. Peak BF and Peak PF across condition pairs. Estimated marginal means ± SE for Peak BF 
(%BW; panels (A,B)) and Peak PF (%BW; panels (C,D)) at Steps −1, 0, and +1, shown separately for 
CtoA versus ACC (A,C) and CtoD versus DEC (B,D). Shaded bands around the lines represent ±1 
standard error (SE) of the mean. Panel annotations report the condition × step interaction F statistic 
and false discovery rate-corrected p value. An asterisk (*) denotes a significant (p < 0.05) within-
condition step comparison for CtoA or CtoD; a dagger (†) denotes the corresponding significant 
(p < 0.05) comparison for ACC or DEC. BF, braking force; PF, propulsive force; SE, standard error; 
%BW, percentage of body weight; ACC, acceleration condition; DEC, deceleration condition; CtoA, 
constant speed to acceleration; CtoD, constant speed to deceleration.

For Peak PF, significant changes in both transition conditions occurred at the transition 
step as hypothesized (Figure 4C,D). Peak PF in CtoA increased significantly at each consec-
utive step (22.10 to 23.21%BW at Step 0, p = 0.004; to 24.88%BW at Step +1, p = 0.001); in 
ACC, Peak PF did not differ between Step −1 and Step 0 (24.36 and 24.12%BW; p > 0.999) or 
between Step 0 and Step +1 (22.94%BW; p = 0.060). Peak PF in CtoD decreased significantly 
at each consecutive step (17.57 to 16.01%BW, p < 0.001; to 13.56%BW, p < 0.001); in DEC, 
Peak PF did not differ between Step −1 and Step 0 (15.43 and 14.42%BW; p = 0.096) but 
increased significantly at Step +1 (17.36%BW; p < 0.001). This Step +1 increase in DEC 
coincided with the re-acceleration of the belt speed toward Step +2, sampled within the 
Step +1 stride (Figure 2).

Significant changes in the vGRF peaks occurred only in the continuous conditions, 
except for a decrease in Peak vGRF 2nd at Step +1 in CtoD (Table 2, Figure 5). Peak vGRF 
1st increased significantly in ACC at Step +1 (106.46 and 106.97%BW at Steps −1 and 0 
[p > 0.99], rising to 111.76%BW; p < 0.001); it decreased significantly in DEC from Step −1 
to Step 0 (107.02 to 103.71%BW; p = 0.002) and did not change significantly in CtoA or CtoD. 
For Peak vGRF 2nd, the CtoA–ACC interaction was not significant after FDR correction 
(p FDR  = 0.059). The CtoD–DEC interaction reflected a significant increase in DEC at Step 
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+1 (101.67 to 106.13%BW; p < 0.001) and a significant decrease in CtoD at Step +1 (104.12 
to 102.11%BW; p = 0.012).

Table 2. Step-by-step estimates of the secondary outcomes (Peak vGRF 1st, Peak vGRF 2nd, step 
length, step time) with the corresponding LME results.

Condition Step −1 Step 0 Step +1 Step Condition Interaction
EMM
(SE)

EMM
(SE)

EMM
(SE) F (p) F (p) F (p FDR )

Peak vGRF 1st CtoA 107.91
(1.52)

107.44
(1.49)

106.13
(1.41)

2.34
(0.097)

2.89
(0.089)

23.21
(<0.001)

ACC 106.46
(1.50)

106.97
(1.44)

111.76
(1.80) b — — —

CtoD 103.12
(1.09)

103.35
(1.06)

104.28
(1.02)

4.27
(0.015)

4.53
(0.034)

7.20
(0.001)

DEC 107.02
(1.11)

103.71
(1.03) a 

103.71
(1.38) — — —

Peak vGRF 2nd CtoA 107.34
(1.80)

106.82
(1.76)

105.56
(1.67)

0.32
(0.727)

6.13
(0.014)

3.14
(0.059)

ACC 103.26
(1.78)

104.71
(1.71)

105.35
(2.13) — — —

CtoD 104.27
(0.92)

104.12
(0.90)

102.11
(0.86) b 

4.38
(0.013)

0.08
(0.776)

35.78
(<0.001)

DEC 103.12
(0.94)

101.67
(0.87)

106.13
(1.16) b — — —

Step Length CtoA 0.67
(0.01)

0.67
(0.01)

0.68
(0.01)

0.15
(0.857)

22.38
(<0.001)

8.27
(<0.001)

ACC 0.66
(0.01)

0.65
(0.01)

0.64
(0.01) — — —

CtoD 0.58
(0.01)

0.56
(0.01)

0.57
(0.01)

3.94
(0.020)

1.21
(0.273)

1.05
(0.387)

DEC 0.59
(0.01)

0.57
(0.01)

0.57
(0.02) — — —

Step Time CtoA 0.53
(0.01)

0.53
(0.01)

0.54
(0.01)

2.12
(0.120)

3.14
(0.077)

0.95
(0.387)

ACC 0.52
(0.01)

0.52
(0.01)

0.53
(0.01) — — —

CtoD 0.71
(0.02)

0.68
(0.02)

0.65
(0.02)

13.64
(<0.001)

2.19
(0.139)

16.39
(<0.001)

DEC 0.73
(0.02)

0.65
(0.02) a 

0.71
(0.03) b — — —

The conditions and model specification are as in the Methods section. Each model included 570 
(CtoA–ACC) or 562 (CtoD–DEC) observations from 19 participants. Values are presented as EMMs 
(SEs), with Peak vGRF 1st/2nd in %BW, step length in m, and step time in s. F statistics are provided 
for the step and condition main effects and the condition × step interaction. Interaction p values were 
adjusted using the Benjamini–Hochberg correction across the eight secondary models. a  and b  denote 
Bonferroni-corrected p < 0.05 for the Step −1 vs. Step 0 and Step 0 vs. Step +1 comparisons within 
each condition. Consecutive-step contrasts are marked only for condition pairs with a significant 
interaction after FDR correction. vGRF, vertical ground reaction force; LME, linear mixed-effects; SE, 
standard error; EMM, estimated marginal mean; %BW, percentage of body weight; ACC, acceleration 
condition; DEC, deceleration condition; CtoA, constant speed to acceleration; CtoD, constant speed 
to deceleration.
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Figure 5. First and second vertical GRF peaks across condition pairs. Estimated marginal means ± SE 
for Peak vGRF 1st (%BW; panels (A,B)) and Peak vGRF 2nd (%BW; panels (C,D)) at Steps −1, 0, 
and +1, for CtoA versus ACC (A,C) and for CtoD versus DEC (B,D). Shaded bands around the 
lines represent ±1 standard error (SE) of the mean. Each panel includes a horizontal reference line 
at 100% body weight. Panel annotations report the condition × step interaction F statistic and false 
discovery rate-corrected p value. Consecutive-step contrasts are marked only for condition pairs with 
a significant interaction after FDR correction. An asterisk (*) denotes a significant (p < 0.05) within-
condition step comparison for CtoA or CtoD; a dagger (†) denotes the corresponding significant 
(p < 0.05) comparison for ACC or DEC. vGRF, vertical ground reaction force; SE, standard error; 
%BW, percentage of body weight; ACC, acceleration condition; DEC, deceleration condition; CtoA, 
constant speed to acceleration; CtoD, constant speed to deceleration.

Step length and step time each showed a significant interaction in only one condition 
pair; consecutive-step comparisons detected significant changes only in step time in DEC 
(Table 2, Figure 6). Step length showed a significant interaction in the CtoA–ACC pair 
(p FDR  < 0.001), reflecting divergent trajectories: a gradual decline in ACC compared to a 
gradual rise in CtoA, although no adjacent step contrast was significant in either condition. 
In the CtoD–DEC pair, the interaction was not significant (p FDR  = 0.387). Step time showed 
a significant interaction only in the CtoD–DEC pair (p FDR  < 0.001); the interaction in the 
CtoA–ACC pair was not significant (p FDR  = 0.387). In DEC, step time decreased significantly 
from Step −1 to Step 0 (0.73 to 0.65 s; p < 0.001) and increased significantly from Step 0 
to Step +1 (0.65 to 0.71 s; p < 0.001); however, no consecutive-step change was significant 
in CtoD.

Although residuals from each LME deviated from normality (W = 0.921–0.993), the 
participant-level cluster bootstrap confirmed all four primary interactions (p FDR  < 0.001; 
Table S3). ICCs ranged from 0.35 to 0.71, indicating that 35–71% of the variance not explained 
by fixed effects was attributable to differences between participants (Table S3). All models 
converged without warnings, and none yielded a singular fit. A simulation-based power 
analysis confirmed that the power was ≥99.5% at α = 0.05 and ≥97.7% at the multiplicity-
adjusted α = 0.0125 in all four primary models. Peak BF was higher in the late than in 
the early cycles in all four conditions (ACC: p FDR  = 0.004, CtoA: p FDR  < 0.001, DEC: 
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p FDR  = 0.002, CtoD: p FDR  < 0.001). For Peak PF, a significant increase from early to late 
cycles occurred only in ACC. The cycle number within each condition (1–5) was included 
as a continuous covariate in all primary and secondary models to adjust for the systematic 
early-to-late changes (Tables S3 and S5).

Figure 6. Spatiotemporal outcomes across condition pairs. Estimated marginal means ± SE for step 
length (m; panels (A,B)) and step time (s; panels (C,D)) at Steps −1, 0, and +1, for CtoA versus ACC 
(A,C) and for CtoD versus DEC (B,D). Shaded bands around the lines represent ±1 standard error (SE) 
of the mean. Panel annotations report the condition × step interaction F statistic and false discovery 
rate-corrected p value. Consecutive-step contrasts are marked only for condition pairs with a significant 
interaction after FDR correction. An asterisk (*) denotes a significant (p < 0.05) within-condition 
step comparison for CtoA or CtoD; a dagger (†) denotes the corresponding significant (p < 0.05) 
comparison for ACC or DEC. SE, standard error; ACC, acceleration condition; DEC, deceleration 
condition; CtoA, constant speed to acceleration; CtoD, constant speed to deceleration.

4. Discussion
This study characterized how braking and propulsive forces are modulated step-by-step 

during velocity transitions from constant speed relative to continuous velocity changes, with 
the belt speed controlled at each step. The condition × step interactions were significant for 
both forces in both condition pairs and supported the hypotheses. In transition conditions, 
modulation of the anterior–posterior force began at the step at which the transition occurred. 
The propulsive force changed at the transition step in both acceleration and deceleration, 
whereas the braking force changed at different steps: at the transition step in the acceleration 
transition and at the following step in the deceleration transition. The present results show 
the step-by-step modulation of braking and propulsive forces in response to externally 
driven velocity changes in treadmill walking after adjustment for velocity.

In CtoA, the braking force decreased significantly, and the propulsive force increased 
significantly at the transition step. In CtoD, the propulsive force declined immediately at 
the step at which the transition from constant speed to deceleration occurred and continued 
to decline at the next step. In both transition conditions, given that the mean belt speed 
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of Step 0 increased or decreased only marginally from Step −1, and that the analysis was 
conducted with belt speed as a covariate, these kinetic responses were not fully explained 
by instantaneous velocity. Thus, this kinetic modulation was temporally associated with 
transition onset rather than being explained by the accompanying change in velocity. The 
lower Peak BF at Step −1 in ACC relative to CtoA and the higher Peak BF at Step −1 in DEC 
relative to CtoD were consistent with the continuous acceleration and deceleration context 
of that step in the sinusoidal cycle, compared with constant speed.

However, the steps at which braking force was modulated differed between CtoA and 
CtoD. Modulation at the transition step was detected in CtoA, whereas it was not significant 
in CtoD; modulation at the following step was significant. The absence of a significant 
change at Step 0 in CtoD does not demonstrate that braking force was unaffected at the 
transition step; the CtoD–DEC interaction also reflected the decrease at Step 0 in DEC. 
Hence, the delayed change in CtoD should be interpreted as indicating the step at which 
the first significant change in braking force was detected. Accordingly, in the decelerating 
transition, the reduction in late-stance propulsive force was the first significant response, 
although late-stance propulsion in Step 0 and early-stance braking in Step +1 occurred 
within the same double-support phase.

Compared with previous findings, braking and propulsive forces showed distinct pat-
terns. The present decreases and increases in braking force during transitions to acceleration 
and deceleration, respectively, were broadly consistent with the findings from overground 
velocity-transition gait [11], but differed from patterns during continuous acceleration or 
deceleration in the present study and a previous study [4]. Although neither previous 
study included speed as a covariate, the comparison of these studies with the present results 
suggests a difference in the control of braking force between continuous acceleration or 
deceleration and the transition. Propulsive-force modulation was consistent with previous 
studies [4,11]. Despite this apparent consistency, the present results also highlight an im-
portant difference. The increase and decrease in the propulsive force during the transitions 
to acceleration and deceleration, respectively, remained significant after adjustment for 
speed but were not significant during continuous acceleration or deceleration. Moreover, 
the first kinetic response in CtoD—a decline in propulsive force at Step 0—differed from 
previous findings that reported an elevated posterior force in the early stance during the 
cued transition to deceleration [11]. This difference may reflect when the imposed speed 
change occurred within the gait cycle, whereas spontaneous deceleration may be initiated 
at the beginning of the gait cycle.

Changes in the anterior–posterior GRF were not consistent with changes in the vertical 
GRF and spatiotemporal variables. No significant change in either the first or second vGRF 
peak was detected in CtoA, indicating that the vGRF changed in line with the instantaneous 
belt speed. The decline in Peak PF was accompanied by a decline in Peak vGRF 2nd during 
the same late-stance phase at Step +1 in CtoD. Peak BF and Peak vGRF 1st decreased at Step 
0 in DEC. Given the established coupling of larger peak vertical and anterior–posterior GRFs 
with higher speed [7], the first responses to the decelerating transition—Peak PF at Step 
0 and Peak BF at Step +1—were uncoupled from the vertical force change and appeared 
specific to the transition.

In the comparison between CtoA and ACC, the condition × step interaction in step 
length was significant, whereas step-by-step comparisons were not; furthermore, the inter-
action in step time was not significant. The gradual increase in step length in CtoA may 
have been associated with increasing Peak PF. The trailing limb angle, the angle between 
the laboratory’s vertical axis and the vector joining the greater trochanter with the fifth 
metatarsal head, is a major contributor to the increase in propulsive force [17] and is sig-
nificantly correlated with step length [18]. Temporal acceleration within the gait cycle on 
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a treadmill increases trailing limb angle, step length, and propulsive force [19]. In the 
context of overground cued acceleration, reported changes in step length were inconsistent: 
a significant decrease at the transition step relative to the pre- and post-transition steps [10], 
and a significant increase at the transition and the next step [9].

Step time in DEC shortened at Step 0 and lengthened again at Step +1; no significant 
consecutive-step change was detected in CtoD. The shortening at Step 0 in DEC differed 
from findings in other studies. Step time was longer during the overground transition to 
deceleration [9] and continuous deceleration on a treadmill [4]. Longer step times have 
also been reported during other overground transitions to deceleration [10]. Externally 
imposed treadmill deceleration could move the body forward relative to the belts, creating 
a need to reduce forward relative velocity to maintain position on the treadmill. The shorter 
step time at Step 0 in DEC may reflect earlier foot contact in response to this demand. The 
subsequent lengthening at Step +1 may suggest that this shortening was transient. However, 
the present study did not measure the position of the center of mass or other body segments 
on the treadmill to confirm this interpretation.

This study had a few limitations. First, the velocity change was externally imposed 
by a treadmill belt and was distinct from participants’ volitional speed control. Therefore, 
the present results should not be generalized directly to typical overground gait because 
prior evidence indicates differences between treadmill and overground walking [20–22]. 
The results were derived solely from the embedded force plates, and thus, the findings 
cannot identify sources of force generation or characterize other kinematic changes. The 
present data also cannot distinguish whether the observed modulation reflects active neural 
control or a passive mechanical response. Moreover, a potential learning effect of the gait 
program should be considered. Peak BF increased in all conditions in later cycles, indicating 
possible adaptation to repeated sinusoidal velocity changes. Although the analysis was 
adjusted using the cycle number as a covariate, the potential learning effect could not be 
fully excluded, particularly because the order of conditions was not fully counterbalanced.

Second, in the analysis, the belt speed varied continuously within the step, whereas 
the mean belt speed of the step was applied as a covariate, so the effect of within-step 
velocity change could not be adjusted for. For the same reason, the reference step (Step −1) 
was matched to the constant-speed baseline based only on mean belt speed and was not 
completely equivalent across the conditions. Furthermore, because belt speed was entered 
as a linear covariate, residual confounding arising from nonlinear relationships between 
speed and the outcomes cannot be excluded. Although belt speed at the same step differed 
between the paired conditions, speed ranges partially overlapped at every step (Table S4). 
In addition, all participants lightly gripped handrails during walking, whereas the body 
weight used for normalization was measured without handrail support. Because handrail 
forces were not measured, partial unloading through the handrails may have reduced the 
GRF values expressed as %BW. Although the same instruction applied to all conditions, 
the possibility that the degree of unloading varied with belt speed or condition cannot 
be excluded.

Third, the participants were young, able-bodied adults. Lower propulsive GRF during 
normal walking has been reported in older adults [23]. Propulsive force has also been 
identified as a potential rehabilitation target in patients with stroke [24]. Therefore, older 
adults and clinical populations may exhibit different responses. Further investigations are 
needed to establish the applicability of the present findings to these populations. Given the 
sex imbalance among participants (13 women and 6 men) and the limitations on sample 
size, we did not conduct analyses with sex as a factor; therefore, sex differences in force 
adjustment during speed transitions have not been examined.
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5. Conclusions
The present study compared the peak braking force and peak propulsive force during 

gait-speed transitions to acceleration or deceleration with those during continuous accelera-
tion or deceleration, with the mean belt speed as a covariate. In both the acceleration and 
deceleration contexts, the braking force and propulsive force showed a significant condition 
× step interaction, meaning that the stepwise kinetic modulation around each transition 
differed from that under continuous conditions. The propulsive force was modulated at 
the transition step in both acceleration and deceleration. The first significant change in 
braking force occurred at the transition step for acceleration and at the following step for 
deceleration. Thus, the externally imposed belt speed change elicited step-by-step responses 
of braking and propulsive forces, even post-adjustment for mean belt speed. These findings 
suggest that treadmill-imposed velocity transitions elicit kinetic modulation corresponding 
to transition onset, distinct from that during continuous velocity change.
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of belt speed by condition and step.

Author Contributions: Conceptualization, N.A.; methodology, N.A. and S.A.; software, N.A.; valida-
tion, N.A., M.F. and S.T.; formal analysis, N.A.; investigation, N.A., M.F. and S.T.; resources, S.A.; data 
curation, M.F. and S.T.; writing—original draft preparation, N.A.; writing—review and editing, M.F., 
S.T. and S.A.; visualization, N.A.; supervision, S.A.; project administration, N.A.; funding acquisition, 
N.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Japan Society for the Promotion of Science (JSPS) KAK-
ENHI, grant number 26K20834.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration 
of Helsinki and approved by the Institutional Review Board of Kanagawa Rehabilitation Hospital 
(protocol code krh-2024-019, approved on 11 December 2024).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are not available. The participants 
did not provide written consent for their data to be shared outside the research team, and the study 
protocol approved by the Institutional Review Board does not permit data sharing.

Acknowledgments: The authors thank the engineering staff of the Kanagawa Rehabilitation Center 
for their assistance with data collection.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design 
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or 
in the decision to publish the results.

Abbreviations
The following abbreviations are used in this manuscript:

BH Benjamini–Hochberg
BF braking force
CI confidence interval

https://doi.org/10.3390/biomechanics6040101

https://www.mdpi.com/article/10.3390/biomechanics6040101/s1
https://www.mdpi.com/article/10.3390/biomechanics6040101/s1
https://doi.org/10.3390/biomechanics6040101


Biomechanics 2026, 6, 101 15 of 16

CtoA constant-to-acceleration transition
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LME linear mixed-effects
PF propulsive force
SE standard error
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