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Postural stability is one of the most crucial elements in bipedal
locomotion. Bipeds are dynamically unstable and need to
maintain their trunk upright against the rotations induced by
the ground reaction forces (GRFs), especially when running.
Gait studies report that the GRF vectors focus around a virtual
point above the centre of mass (VPA), while the trunk moves
forward in pitch axis during the stance phase of human
running. However, a recent simulation study suggests that a
virtual point below the centre of mass (VPB) might be present
in human running, because a VPA yields backward trunk
rotation during the stance phase. In this work, we perform a
gait analysis to investigate the existence and location of the VP
in human running at 5m s−1, and support our findings
numerically using the spring-loaded inverted pendulum model
with a trunk. We extend our analysis to include perturbations
in terrain height (visible and camouflaged), and investigate the
response of the VP mechanism to step-down perturbations
both experimentally and numerically. Our experimental results
show that the human running gait displays a VPB of ≈−30 cm
and a forward trunk motion during the stance phase. The
camouflaged step-down perturbations affect the location of the
VPB. Our simulation results suggest that the VPB is able to
encounter the step-down perturbations and bring the system
back to its initial equilibrium state.
1. Introduction
Bipedal locomotion in humans poses challenges for stabilizing the
upright body owing to the under-actuation of the trunk and the
hybrid dynamics of the bipedal structure (table 1).
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Table 1. Nomenclature.

general terminology

CoM centre of mass

TSLIP spring loaded inverted pendulum model extended with a trunk

VP virtual point

VPA virtual point above the centre of mass

VPB virtual point below the centre of mass

VPBL virtual point below the centre of mass and below the leg axis at touch-down

g g = 9.81 m s−2, standard acceleration due to gravity

symbols related to the experiment

l distance between lateral malleolus and trochanter major of the leg in contact with the ground

CoP centre of pressure

GRFs ground reaction forces

V0 experiment with level ground

V10 experiment with 10 cm visible step-down perturbation

C10 experiment with 10 cm camouflaged step-down perturbation

R2 coefficient of determination

γ the trunk angle estimated from markers on L5 and C7. The trunk angle γ corresponds to the θC in the

TSLIP model

Ntrial number of trials

N% number of gait percentage times analysed

θexp angle of the experimental measured GRFs

uexp mean experimental angle of GRFs

θtheo angle of theoretical forces

~p impulse

~pnormalized normalized impulse

~pbrake braking impulse

~pprop propulsion impulse

symbols related to the simulations

[xC, zC, θC] state vector of the centre of mass

[rFC, rFV, rFH] position vectors from foot to the centre of mass, virtual point and hip joint, respectively

Δz step-down height

m mass

J moment of inertia

l leg length

θL leg angle

τH hip torque

Fsp leg spring force

Fdp leg damper force

FFa axial component of the ground reaction force in foot frame

FFt tangential component of the ground reaction force in foot frame

rVP VP radius, the distance between the centre of mass and virtual point

θVP VP angle, the angle between trunk axis and VPA, or the vertical axis passing from CoM and VPB
superscripts

AP apex event, where the centre of mass reaches to its maximum height
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TD leg touch-down event

TO leg take-off event

Des desired value of the variable

subscripts

i current step

i− 1 previous step
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Human gait studies investigate the underlying mechanisms to achieve and maintain the postural
stability in symmetrical gaits such as walking and running. One major observation states that the
ground reaction forces (GRFs) intersect near a virtual point (VP) above the centre of mass (CoM) [1].
Subsequent gait studies report that the VP is 15–50 cm above the CoM (VPA) in the sagittal plane for
level walking [1–5]. Among those, only a single study reports a limited set of level walking trials with
a VP below the CoM (VPB) [1]. The VPA strategy is also observed when coping with the step-down
perturbations in human walking, even when walking down a camouflaged curb [5]. A similar
behaviour is observed for the avians, where a VPA of 5 cm is reported for level walking, grounded
running, and running of the quail [6,7]. Unlike in the studies with healthy subjects, it is reported that
humans with Parkinson’s disease display a VPB when walking [8]. In addition, a VPB was identified
in the frontal plane for human level walking [9]. The existing literature for human running report a
VPA [7,10]. However, these experiments are limited to a small subset of subjects and trials, hence are
not conclusive.

The observation of the GRFs intersecting at a VP suggests that there is potentially a control
mechanism to regulate the whole-body angular momentum [1,11,12]. Based on this premise, the
behaviour of a VP-based postural mechanism would depend on the location and adjustment of the
VP. It also raises the question whether the VP position depends on the gait type, locomotor task (e.g.
control intent) and terrain conditions.

The spring loaded inverted pendulum model (SLIP) is extensively used in gait analysis owing to its
capability to reproduce the key features of bipedal locomotion. The SLIP model is able to reproduce the
CoM dynamics observed in human walking [13] and running [14–16]. This model can be extended with a
rigid body (TSLIP) to incorporate the inertial effects of an under-actuated trunk, where the trunk is
stabilized through a torque applied at the hip [1,10,12].

Based on the experimental observations, the VP is proposed as a control method to determine the hip
torque in the TSLIP model to achieve postural stability [12]. The VP as a control mechanism in the TSLIP
model has been implemented for human walking [4,17–20], hopping [21,22], running [12,23,24] and
avian gaits [6,25]. It is also implemented and tested on the ATRIAS robot for a walking gait [26].
However, the currently deployed robotic studies are limited to a small set of gait properties (e.g.
forward speed) and simple level terrain conditions.

In the simulation model, the selection of the VP position influences the energetics of the system by
distributing the work performed by the leg and the hip [23,25]. A VPB in the human TSLIP model
reduces the leg loading at the cost of increased peak hip torques for steady-state gaits. A VPA yields
lower duty factors and hence higher peak vertical GRF magnitudes, whereas a VPB yields larger peak
horizontal GRF magnitudes. Consequently, a VPA can be used to reduce the kinetic energy
fluctuations of the CoM, and a VPB to reduce the potential energy fluctuations.

In human gait, the trunk moves forward during the single stance phase of walking and running,
which is reversed by a backward trunk motion in the double stance phase of walking [27] and flight
phase of running [10,27]. In TSLIP model simulations of human running, the trunk moves forward
during the stance phase if a VPB is used, whereas it moves backward for a VPA [12,23,25,28].

One potential reason for the differences between the human and the model may be that the TSLIP
model does not distinguish between the trunk and whole-body dynamics. In human walking, the
trunk pitching motion is reported to be 180° out-of-phase with the whole body [2]. A VPA in the
TSLIP model predicts the whole-body dynamics with backward rotation, and it follows that the trunk
rotation is in the opposite direction (i.e. forward). The phase relationship between the trunk and
whole-body rotation has not been published for human running, to our knowledge. However, we can
indirectly deduce this relationship from the pitch angular momentum patterns. In human running, the
pitch angular momentum of the trunk and the whole body are inphase, and they both become
negative during stance phase, i.e. clockwise rotation of the runner [11]. The negative angular
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momentum indicates that the GRFs should pass below the CoM. Therefore, a VPB in the TSLIP model can

predict the whole-body dynamics with forward rotation, and the trunk rotation is in the same direction
(i.e. forward).

The VP can also be used to manoeuver, when the VP target is placed out of the trunk axis [12,21].
A simulation study proposes to shift the VP position horizontally as a mechanism to handle stairs
and slopes [29]. The gait analyses provide insights into the responses of GRFs to changes in terrain. In
human running, step-down perturbations increase the magnitude of the peak vertical GRF. The
increase gets even higher if the drop is camouflaged [30]. However, there is no formalism to describe
how the VP position relates to the increase in GRFs in handing varying terrain conditions.

In the first part of our work, we perform an experimental analysis to acquire trunk motion patterns
and ground reaction force characteristics during human running. Our gait analysis involves human-level
running, and running over visible and camouflaged step-down perturbations of −10 cm. We expect to see
a VP below the CoM (VPB) shaped by the ground reaction forces, based on the results in [27], and a net
forward trunk pitch motion during the stance phase, based on previous results from level running [27]. If
the mechanism leading to a VPB in level running remains active, it should also extend to camouflaged,
step-down perturbations. Consequently, we hypothesize to observe a VPB also in the step-down
experiments.

In the second part, we perform a simulation analysis using the TSLIP model with the gait parameters
estimated from our experiments. We generate an initial set of gaits that match to the experimental set-up,
and extend our analysis to larger set of step-down perturbations up to −40 cm, which is close to the
maximum achievable perturbation magnitude in avians [31]. We investigate whether a VPB controller
is able to stabilize the gait against the step-down perturbations, and if so, how does it contribute to
the energy flow in counteracting the perturbation.
2. Methods
2.1. Experimental methods
In this section, we describe the experimental set-up and measurement methods. In our experiments,
10 physically active volunteers (nine male, one female, mean ± s.d., age: 24.1 ± 3.4 years, mass: 73.8 ±
7.3 kg, height: 179.9 ± 7.6 cm) are instructed to run over a 17m track. Prior to participation, an informed
consent form was obtained from each volunteer. The experiment was approved by the local ethics
committee and was in accordance to the Declaration of Helsinki. The running track has two consecutive
force plates in its centre, where the first plate is fixed at ground-level, and the second one is height
adjustable. We designed three sets of experiments, where the subjects were asked to run at their self-
selected velocity1 (4.9 ± 0.5m s−1, table 2). In the first experiment, the subjects were asked to run on a track
with an even ground (V0). In the second experiment, the second force plate was lowered −10 cm, which
was visible to the subjects (V10). In the third experiment, the second force plate was lowered −10 cm, and
an opaque sheet was added on top of the plate on ground level to camouflage the drop. A wooden block
was randomly placed between the second force plate and the opaque sheet during the course of the
experiment without subject’s knowledge. In other words, the subjects were not aware whether the step
would be on the ground level (C0), or would be a step-down drop (C10). The step corresponding onto the
first force plate is referred to as step −1, and the step to the second force plate as step 0.

All trials were recorded with eight cameras by a three-dimensional motion capture system
working with infrared light. In summary, 12 spherical reflective joint markers (19mm diameter) were
placed on the tip of the fifth toe [A], malleolus lateralis [B], epicondylus lateralis femoris [C],
trochanter major [D], and acromion [E] on both sides of the body as well as on L5 [F] and C7 [G]
processus spinosus (figure 1). The CoM was determined with a body segment parameter method
according to Winter [32]. The trunk angle γ was calculated from the line joining C7 to L5 with respect
to the vertical [33].

Further information concerning the participants, and the technical details of the measurement
equipment (i.e. force plates, cameras) can be found in Müller et al. [30] and partly in Ernst et al. [34].

The method for analysing the gait data and estimating a potential VP is analogous to the gait analysis
carried out for the human walking in [5]. Here, we denote the intersection point of the GRF vectors as a
VP without implications for this point being above or below the CoM. To compute the VP, we use the
1The velocity was calculated for the stance phases of both contacts.



Table 2. Statistical analysis of VP, R2, impulse and gait properties. (V0, visible level running; V10 visible drop of −10 cm; C10,
camouflaged drop of −10 cm; VP, horizontal (x) and vertical (z) positions of the virtual point relative to the centre of mass for
the 90% and the 100% dataset; R2, coefficient of determination of the angles between measured ground reaction forces and
forces through centre of pressure and VP; ~pbrake, braking impulse and ~pprop, propulsion impulse in the x- and z-direction. Data
are means ± s.d. across all included subjects (n = 10; exception: duty factor is only calculated for nine subjects) for step −1
(pre-perturbed contact) and step 0 (perturbed contact). Post hoc analysis with Šidák correction revealed significant differences
between ground conditions: differences from V0 and V10 are indicated with ‘a’ and ‘b’, respectively ( p < 0.05).)

V0 V10 C10 p-value F-value/η2

step −1 VP variables

VPx100% [cm] −2.9 ± 2.9 −8.5 ± 3.5a −8.6 ± 3.1a 0.000 224.38/0.01

VPx90% [cm] −3.4 ± 2.8 −8.7 ± 3.4a −9.1 ± 3.2a 0.000 146.41/0.01

VPz100% [cm] −31.5 ± 4.9 −31.3 ± 5.0 −31.7 ± 6.6 0.965 0.04/0.00

VPz90% [cm] −30.8 ± 5.8 −30.7 ± 5.2 −31.5 ± 6.5 0.997 0.23/0.00

R2100% [%] 76.0 ± 14.6 79.0 ± 12.1 77.3 ± 13.2 0.424 0.90/0.00

R290% [%] 88.1 ± 3.4 89.4 ± 3.4 88.5 ± 3.1 0.411 1.45/0.00

impulse

~pbrake,x −0.05 ± 0.02 −0.05 ± 0.02 −0.04 ± 0.02 0.162 2.02/0.00

~pbrake,z 0.53 ± 0.11 0.47 ± 0.10 0.49 ± 0.06 0.051 3.53/0.01

~pprop,x 0.11 ± 0.01 0.12 ± 0.02 0.11 ± 0.01 0.078 2.94/0.00

~pprop,z 0.56 ± 0.02 0.57 ± 0.04 0.55 ± 0.04 0.421 0.91/0.00

step 0 VP variables

VPx100% [cm] −2.8 ± 4.5 −4.0 ± 4.6a −7.1 ± 5.1a 0.014 7.95/0.01

VPx90% [cm] −2.6 ± 4.6 −4.3 ± 4.7 −7.0 ± 5.0a 0.018 7.17/0.01

VPz100% [cm] −35.2 ± 6.1 −38.8 ± 5.6a −24.6 ± 14.5 0.047 5.17/0.10

VPz90% [cm] −35.0 ± 6.3 −37.6 ± 5.7 −24.0 ± 16.4 0.074 4.04/0.10

R2100% [%] 81.9 ± 11.3 64.1 ± 15.9a 65.1 ± 13.4 0.021 6.87/0.17

R290% [%] 92.0 ± 2.1 83.0 ± 5.9a 69.4 ± 8.7a,b 0.000 70.13/0.13

impulse

pbrake,x −0.10 ± 0.02 −0.11 ± 0.03 −0.04 ± 0.02a,b 0.000 40.27/0.01

pbrake,z 0.69 ± 0.08 0.83 ± 0.12a 0.63 ± 0.12b 0.000 20.92/0.10

pprop,x 0.09 ± 0.02 0.09 ± 0.01 0.06 ± 0.01a,b 0.000 14.26/0.00

pprop,z 0.46 ± 0.08 0.48 ± 0.05 0.45 ± 0.06 0.309 1.19/0.01

gait properties

velocity [m s−1] 4.9 ± 0.5 4.9 ± 0.5 5.1 ± 0.4 0.148 2.13/0.11

stance time [s] 0.18 ± 0.02 0.17 ± 0.02a 0.14 ± 0.01a,b 0.000 62.67/0.00

duty factor [%] 26.7 ± 2.0 24.8 ± 1.6a 22.4 ± 1.5a,b 0.008 37.20/0.01
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instantaneous GRF vectors, which have an origin at the centre of pressure (CoP) and are expressed in a
CoM-centred coordinate frame that aligns with the gravity vector in the vertical axis [3]. The CoP is
calculated from the kinetic data using the method described in Winter [32]. Then, the VP is estimated
as the point, which minimizes the sum of the squared distances between the GRF vectors and itself.
For the camouflaged setting with a wooden block placed on the force plate (C0), we can not calculate
the CoP accurately. Thus, the VP is not estimated for the C0 case.

The human gait data involves impact forces at the leg touch-down, which introduces an additional
behaviour in the GRF pattern [30,35,36]. In order to see the influence of the impact on VP, we are
presenting our recorded data in two ways. The first calculation involves the full GRF data from leg
touch-down to take-off (100% dataset), whereas the second calculation involves the GRF data starting
from 10% of the stance to the leg take-off (90% dataset).
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Figure 1. Experimental set-up. The first force plate is on the ground level, whereas the second force plate is height adjustable
(step 0). The camouflaged setting for the second force plate is shown on the right for elevations of 0 cm (C0, blue) and −
10 cm (C10, red). The placement of the motion capture markers is given on the left, where the markers are denoted the
letters A–G. The trunk angle is shown with γ and is positive in the counterclockwise direction.
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In the VP concept, all of the GRF vectors start from the CoP and point to a single VP. However, the
human gait data differs from this theoretical case, as the human is more complex. To evaluate the amount
of agreement between the theoretical VP-based forces and experimentally measured GRFs, we use a
measure called the coefficient of determination (R2) similar to Herr & Popovic [37]:

R2 ¼ 1�
PNtrial

i¼1
PN%

j¼1 u
ij
exp � u

ij
theo

� �2

PNtrial
i¼1

PN%
j¼1 u

ij
exp � uexp

� �2

0
B@

1
CA� 100%: ð2:1Þ

The (θexp, θtheo) are the experimental GRF and theoretical force vector angles, Ntrial is the number of trials,
and N% ¼ 100 is the measurement time. Here, uexp is the grand mean of the experimental GRF angles
over all trials and measurement times. The number of trials is equal to 30 for visible conditions (15 for
V0 and 15 for V10) and 20 for the camouflaged conditions (12 for C0 and 8 for C10).

Note that R2 ¼ 100% if there is a perfect fit for the experimental GRF and the theoretical force vector
angles. The value of R2 approaches zero as the estimation of the model is equal to the use of θexp as an
estimator [37].

We also compute the horizontal and vertical impulses~p for two intervals (braking and propulsion) by
integrating the GRFs over time. The braking interval went from touch-down to mid-stance (zero-crossing
of the horizontal GRFs) and the propulsion interval mid-stance onwards. We report the values for brake-
propulsion intervals individually in §3.1. To enable the comparison among subjects, we normalize the
impulses to each subject’s body weight (BW), leg length (l, the distance between lateral malleolus and
trochanter major of the leg in contact with the ground) and standard gravity (g) in accordance with
[38] as,

~pnormalized ¼ p
BW � ffiffiffiffiffiffiffi

l=g
p : ð2:2Þ

Because of the inaccuracy in calculating the CoP, we did not analyse the C0 statistically. For all other
experimental settings (V0, V10 and C10), we used repeated measures ANOVA (p < 0.05) with post hoc
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Figure 2. (a) TSLIP model that shows the forward (anterior) and backward (posterior) trunk motion. (b) Vector notations used in
equations of motion. (c) The parameter space for the VP is divided into two regions: the virtual points above the centre of mass
(VPA) and below (VPB). VPA causes backward and VPB causes forward trunk rotation during the stance phase. Each subspace is
divided further with respect to the leg axis, where the sign of the hip torque changes. (d ) For VPB, the points above the leg axis
yield a negative and points below (VPBL) yield a positive hip torque at touch-down. The VP is described with the radius (rVP) and
angle (θVP) that is expressed in the CoM centred world coordinate frame. Here, presented human running experiments reveal that
the VP is −30 cm below the CoM (see §3.1). This corresponds to the VPBL region with −180° VP angle in our simulation.
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analysis (Šidák correction) to test the statistical significance of the estimated VP position, the impulses
and additional gait properties. In order to verify whether the VP is above or below the CoM (VPA or
VPB), we performed a one-sample t-test compared with zero, separately for each condition with Šidák
correction as the post hoc test.
2.2. Simulation methods
In this section, we describe the TSLIP model that we use to analyse how the VP reacts to the step-down
perturbations in human running. The TSLIP model consists of a trunk with mass m and moment of
inertia J, which is attached to a massless leg of length l and a massless point foot F (figure 2a). The
leg is passively compliant with a parallel spring-damper mechanism, whereas the hip is actuated with
a torque τH. The dynamics of the system is hybrid, which involves a flight phase that has ballistic
motion, followed by a stance phase that reflects the dynamics of the spring-damper-hip mechanism.
The phases switch when the foot comes in contact with the ground at touch-down, and when the leg
extends to its rest length l0 at take-off.

The equations of motion for the CoM state (xC, zC, θC) during the stance phase can be written as in
equation (2.3), where the linear leg spring force Fsp¼k ðl�l0Þ and bilinear leg damping force
Fdp¼c _l ðl�l0Þ generate the axial component of the GRF in foot frame FFa¼ðFsp�FdpÞ½� cos uL sin uL�T.
Here, k refers to the spring stiffness and c to the damping coefficient. The hip torque τH creates the
tangential component of the GRF FFt¼ð�tH=lLÞ½sin uL � cos uL�T (figure 2d):

m
€xC
€zC

� �
¼ F Fa þF Ft þ g,

J €uC ¼ �rFC � ðFFa þF FtÞ:
ð2:3Þ
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The leg and the hip maintain the energy balance of the system. The hip increases the system energy to

propel the body forward, whereas the leg damper removes an equivalent energy in return. We determine
τH, such that the GRF points to a VP, which is characterized by the radius rVP (i.e. distance between the
hip and CoM) and angle θVP, as shown in figure 2d (red circle). The hip torque as a function of the VP is
written as,

tH ¼ tVP ¼ FFa � rFV � rFH
rFV � rFH

� �
� l;

rFV ¼ rFC þ rVP
� sin ðuC þ uVPÞ
cos ðuC þ uVPÞ

� �
:

ð2:4Þ

We use two linear controllers: one for the leg angle at touch-down uTDL , and the other for the VP angle
θVP, both of which are executed at the beginning of the step at apex, as shown in appendix A.2., figure 12.
The leg angle is regulated as,

uTDL ji ¼ uTDL ji�1 þ k _x0ðD _xAPC ji�1Þ þ k _xðD _xAPC jii�1Þ, ð2:5Þ
with D _xji�1 being the difference in apex velocity _x between time steps -1 and i. The VP angle is defined
with respect to a CoM-centred, stationary coordinate frame that is aligned with the global vertical axis, if
the VP is set below the CoM (figure 2b,d ) [25]. It is adjusted based on the difference between the desired
mean body angle uDes

C , and the mean body angle observed in the last step ΔθC as,

uVP ji ¼ uVP ji�1 þ kVP (uDes
C � DuC): ð2:6Þ

The model parameters are selected to match a 80 kg human with 1m leg length (see appendix A.1.,
table 4 for details). The damping coefficient is set to c¼680 kNsm�1 to match the trunk angular excursion
of 4.5° reported in [27,39,40]. The forward speed and VP radius are set to 5 m s−1 and −30 cm,
respectively, to match our estimated gait data in table 2. A VP radius of −30 cm becomes below the
leg axis at leg touch-down with the model parameters we chose. Because the position of VP relative
to the leg axis affects the sign of the hip torque, the VPB region is separated into two and the points
below the leg axis are called VPBL (figure 2c,d ), in accordance with [23].

First, we generate a base gait for level running using the framework in [23], which corresponds to
the V0 in our human running experiments. Then, we introduce step-down perturbations of
Dz ¼ ½�10, �20, �30, �40 cm� in step 0. The −10 cm drop corresponds to the V10 and C10 of the
human running experiments. In the simulations, the VP controller is blind to the changes in step 0,
because the controller update happens only at the apex of each step. During step 0, the state of the
CoM diverges from the equilibrium conditions. The postural correction starts at step 1, as the leg
touch-down angle and VP angle are adjusted in response to the changes in the CoM apex state. By
contrast, small adaptations might already be active at step 0 in the human experiments, e.g. resulting
from swing leg retraction dynamics [16,30].

The step-down perturbation increases the total energy of the system. The added energy can be either
dissipated e.g. via the hip torque or leg damper, or converted to other forms of energy e.g. change in
speed or hopping height. In the latter case, we need to update the desired forward speed in the leg
angle control (equation (2.5)) until all excess energy is converted to kinetic energy.

We implemented the TSLIP model in MATLAB
® using variable step solver ode113 with a relative and

absolute integrator error tolerance of 1 × 10−12.
3. Results
3.1. Experimental results
The results and statistical values of the experiments are listed in table 2 and are illustrated in figures 3–5,
and connected with simulation results, in figures 9–11. Additionally, significant mean differences will be
highlighted in the following.

In figure 3, exemplary illustrations of the VP for single trials (V0 and C10) of different subjects at step 0
are shown. Here, the GRF vectors are plotted in a CoM-centred coordinate frame were the vertical axis is
parallel to gravity. The VP is calculated as the point which minimizes the sum of squared perpendicular
distances to the GRFs for each measurement time point. To avoid biases caused by the impact peak, the
VP was additionally calculated for only 90% of the dataset. That means that the GRFs of the first 10%
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of the stance phase (dashed lines) were neglected in this VP calculation (figure 3). Hence, the VP was
computed for 90% and 100% datasets and the results for both VP are given in this section.

The VP in step −1 (pre-perturbed) and step 0 (perturbed) was below the CoM (p≤ 0.001, Cohen’s
D≤−1.486) and between −38.8 ± 5.6 cm and −24.0 ± 16.4 cm (figure 4a). For step −1, there were no
differences between the ground conditions in the vertical VP position VPz (−31.0 cm) and the R2

(88.7%; table 2). However, the horizontal VP position VPx was 5.5 cm (V10) and 5.7 cm (C10) more
posterior in the drop conditions than in the level condition (p < 0.001). At step 0, VPx was 4.4 cm
more posterior in C10 compared to V0 (p < 0.028), and for the 100% dataset 0.8 cm more posterior in
V10 than in V0 (p = 0.038; table 2). There were only differences in VPz for the 100% dataset, it was
3.6 cm lower in V10 compared to V0 (p = 0.029). R2 has the largest value for V0 (92:0+ 2:1%; 90%
dataset) and the smallest one for C10 (64:1+ 8:7%; 100% dataset, figure 4b).

There were no significant differences between the ground conditions in the impulses of step −1 (table 2).
For step 0, figure 5 suggests that the verticalGRFs are higher in the step conditions compared toV0, especially
for the braking phase. The vertical braking impulse was higher in V10 than in V0 (p = 0.008) and in C10
(p < 0.001). We observe 2.9 BW peak vertical GRFs in V0, which yield to a vertical braking impulse of 0.69.
In V10, the peak vertical GRFs were at 3.4 BW with a braking impulse of 0.83. In C10, the peak was the
highest with 3.9 BW, but here, the peak is overlapping with the impact peak and therefore not comparable
with that of the visible ground conditions (figure 5). Because of the shorter stance time in C10 (table 2),
the braking impulse of 0.63 does not differ from the value of V0 despite the high impact peak. The vertical
propulsion impulse of step 0 does not differ significantly between the ground conditions. The amounts
of the horizontal braking and propulsion impulses were lower in C10 than in the visible conditions
(p≤ 0.004). The sum of the horizontal braking and propulsion impulses of step 0 is in all ground
conditions around zero. It means that there is no forward acceleration or deceleration.

The vertical CoM position relative to the CoP at the touch-down of step 0 is 3.5 cm higher in the drop
conditions compared to V0 (p < 0.001) with 104.9 ± 5.2 cm and 1 cm higher in C10 than in V10 (p = 0.019).

The forward running velocity measured at step 0 does not vary between the experiments V0, V10 and
C10, and is within the range of 5.0 ± 0.5 m s−1. Despite the constant velocity, the stance time and the duty
factor of step 0 show a variation between these experiments. The stance time gets shorter (p=0.029) and
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the duty factor lower (p < 0.001) when running down the visible drop and even shorter and lower when
the drop is camouflaged (p < 0.006).

3.2. Simulation results
In this section, we present our simulation results and our analysis on how the VP reacts to step-down
perturbations. The simulation gaits are generated for 5 m s−1 running with a VP target −30 cm below
the CoM (VPBL), which correspond to the estimated values of our experiments in §3.1.

The temporal properties of the base gait for the level running are given in table 3, where the duty
factor is calculated as 26.2% with a stance phase duration of 0.16 s. The CoM trajectory of the base
gait is shown in figure 7a0 and its respective GRF vectors are plotted with respect to a hip centred
stationary coordinate frame in figure 7b0.

Thebase gait is subjected to step-downperturbations ofDz ¼ ½�10, �20, �30, �40 cm� at step 0. The leg
angle controller in equation (2.5) and VP angle controller in equation (2.6) update on a step-to-step basis,
therefore are informed about the deviation from the base gait at the beginning of step 1. At step 0, the state
of the CoM at leg touch-down diverges from the equilibrium conditions: the trunk pitch angle is smaller
(i.e. smaller trunk lean), and vertical speed is higher (see dark grey lines in appendix A.3., figure 13a,c). The
VP position relative to the hip shifts downwards, as seen with circle marker in figure 7c1–c4. The perturbed
state leads to an increase in trunk angular excursion during the stance, whereas the step ends with a higher
forward speed, smaller trunk lean, and higher trunk angular velocity (see dark grey lines in appendix A.3.,
figure 13a,b,d). At step 1, the leg angle at touch-down is adjusted to a flatter angle and the VP angle to a
larger angle (i.e. VP rotates clockwise). The VP position relative to the hip joint shifts backwards, as seen
with dark cross marker in figure 7c1–c4. The backward VPBL shift helps to restore the desired trunk lean
and leads to a more pronounced forward trunk motion at step 1 (see red lines in appendix A.3., figure 13a).
This restoring behaviour can also be inferred from the absence of a counterclockwise rotation towards the
leg take-off, i.e. the GRF vectors are not coloured teal towards leg take-off in figure 7b1–b4, in contrast to
figure 7b0. We see that the VPBL is able to counteract the step-down perturbations in the following steps by
using only local controllers for the VP angle (equation (2.6)) and the leg angle (equation (2.5)), as shown in
figure 7a1–a4. As we increase the magnitude of the step-down perturbations, we decrease the coefficients
k _x, k _x0 in the leg angle control, so that the speed correction is slower and the postural control is prioritized
(see appendix A.2). The generated gaits are able to converge to the initial equilibrium state (i.e. the initial
energy level) within 15 steps after the step-down perturbation at step 0.
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Table 3. Gait properties of the simulated trajectories. (In the presence of step-down perturbations, the VPBL method is able to
bring the system back to its initial equilibrium state. Therefore, the gait properties are the same for the even ground and
perturbed terrain, after reaching the steady-state condition.)

property unit value property unit value

duty factor % 26.2 VP angle ° −180
stance time s 0.16 trunk angular excursion ° 4.45

forward speed m s−1 5 leg angle at touch-down ° 66
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3.2.1. Energy regulation

In order to assess the response of the VP controller, we plot the VP positionwith respect to a hip centred non-
rotating coordinate frame that is aligned with the global vertical axis, as it can be seen in figure 7c1–c4. For a
VPBL target, a backward shift in VP position indicates an increase in the negative hip work.

The step-down perturbation at step 0 increases the total energy of the system by the amount of potential
energy introduced by the perturbation, which depends on the step-down height. The position of the VP
with respect to the hip shifts downwards by 0.5–1.9 cm depending on the drop height (see circle
markers in figure 7c1–c4). Consequently, the net hip work remains positive and its magnitude increases
by 0.7 to 1.7 fold2 (see solid lines in figures 6c and 14c). The leg deflection increases by 0:95 to 3 fold,
whose value is linearly proportional to the leg spring energy as ESP ¼ 1=2 kDl2L (see solid lines in figures
6a and appendix A.4., 14a). The leg damper dissipates 1:5 to 6 fold more energy compared to its
equilibrium condition (see solid lines in figures 6b and appendix A.4., 14b).

The reactive response of the VP starts at step 1, where the target VP is shifted to backwards by 1.2–2.8
cm and downwards by 0.6–2.9 cm depending on the drop height (see cross markers in figure 7c). The
backward shift in VP causes a 1:4 to 3:8 fold increase in the negative hip work, and the net hip work
2For quantities A and B, the fold change is given as ðB--AÞ=A.
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becomes negative (see dashed lines in figures 6c and appendix A.4., 14c). In other words, the hip actuator
starts to remove energy from the system. As a result, the trunk leans more forward during the stance
phase (see yellow coloured GRF vectors in figure 7b). The leg deflects 0:7 to 2:3 fold more than its
equilibrium value, and the leg damper removes between 1 and 4:1 fold more energy. However, the
increase in leg deflection and damper energy in step 1 are lower in magnitude compared to
the increase in step 0. In step 1, we see the VPBL’s capability to remove the energy introduced by the
step-down perturbation.

In the steps following step 1, the target VP position is continued to be adjusted with respect to the
changes in the trunk angle at apices, as expressed in equation (2.6) and shown with cross markers in
figure 7c. The VP position gradually returns to its initial value, and the gait ultimately converges to
its initial equilibrium, see coinciding markers diamond, rectangle in figure 7c. During this transition,
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the energy interplay between the hip and leg successfully removes the energy added to the system, as
shown in figure 6b,c and in appendix A.4., figure 14b,c for larger step-down perturbation magnitudes.

3.2.2. Ground reaction force analysis

The energy increment owing to the step-down perturbation and the energy regulation of the VPBL control
scheme can also be seen in the GRF and impulse profiles.

The peak vertical GRF magnitude of the equilibrium state is 3 BW. It increases to 4.2–6.1 BW at step 0
with the step-down (figure 8c,a). The peak magnitude decreases gradually to its initial value in the
following steps, indicating that the VP is able to bring the system back to its equilibrium. In a similar
manner, the normalized vertical impulse increases from 1 to 1.4−2.2 at step 0 (see circle marker in
figure 8d,b) and decreases to 1 in approximately 15 steps.

Thepeak horizontal GRFmagnitude of the equilibrium state amounts to 0.6 BW. It increases to 0.9–1.4 BW
at step 0 (figures 8a and appendix A.5., 15a). The sine shape of the horizontal GRF and its peak magnitude
depend on the change in VP position. Therefore, the horizontal GRF impulse provides more information.
The net horizontal GRF impulse is zero at the equilibrium state (see rectangle in figures 8b and appendix
A.5., 15b). It becomes positive at the step-down perturbation (circle), leading to a net horizontal acceleration
of the CoM. Consequently, the forward speed increases at the end of step 0 (see dark grey lines in appendix
A.3., figure 13b). In step 1, the VPBL and leg touch-down angle are adjusted with respect to the change in
the state, which leads to a negative net horizontal GRF impulse (dark cross marker) and decelerates the
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The effect of the VPBL control can be seen in the horizontal GRF and impulse. VPBL alters the net horizontal impulse, and causes
either net horizontal acceleration or deceleration after the step-down perturbation. Consequently, the excess energy introduced by
the perturbation is removed from the system. The vertical GRF and impulse increase with the perturbation and decrease gradually to
its equilibrium value approximately within 15 steps. Extended plots for the step-down height of Dz ¼ ½�20, �30, �40 cm�
can be found in appendix A.5.
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body (see red lines in appendix A.3., figure 13b). In the following transient steps, the leg and VP angle
adjustment yields successive net accelerations and decelerations (cross marker) until the system returns to
its equilibrium state (diamond), where the net horizontal GRF impulse and forward acceleration is zero.
4. Discussion
In this study, we performed an analysis of experimental and simulation results regarding the force
direction patterns during human-level running, and running onto a visible or camouflaged step-down.
Our experimental results show that humans tend to generate a VP below the CoM (VPB) for all terrain
conditions. Our simulations support these experimental observations, and show that the VPB as a
controller can cope with step-down perturbations up to 0.4 times the leg length. In this section, we
will address the VP location in connection with the gait type, and will discuss how our experimental
results compare to our simulation results for the running gait.

4.1. Virtual point quality and location in human gait
In the first part, we discuss the validity of a VP estimated from the GRF measurements of the human
running. We only consider step 0 of the 90% dataset, because the 100% dataset is biased by the
additional effects of the impact forces and has low R2 values [7]. In the second part, we discuss how
the VP position is correlated to the gait type.

To determine the quality of the VP estimation, we used the coefficient of determination R2. In our
experiments, the R2 values for level running are high, where R2 � 92% (see V0 in figure 4b). The
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values of the R2 get significantly lower for the visible drop condition, where R2 � 83% (see V10 in figure

4b). On the other hand, the R2 of the camouflaged drop conditions are even lower than for the visible
drop conditions, where R2 � 69% (see C10 in figure 4b). An R2 value of �70% is regarded as
‘reasonably well’ in the literature ([37], p. 475). Based on the high R2 values, we conclude that the
measured GRFs intersect near a point for the visible and camouflaged terrain conditions. We can also
confirm that this point is as hypothesized below the CoM (VPB), as the mean value of the estimated
points is −32.2 cm and is significantly below the CoM.

We find a difference in the estimated VP position between the humanwalking and our recorded data of
human running. The literature reports a VP above the CoM (VPA) for human walking gait [1–3,5], some of
which report a VPA in human running as well [7,10]. By contrast, our experiments show a VPB for human-
level running at 5 m s−1 and running over a visible or camouflaged step-down perturbation. Previous
studies only reported single trials of single subjects and no statistical analysis. We also did observe a
few trials as outliers with a VP above the CoM, which are statistically not significant. Additionally,
different ways for cropping the contact phase were considered in the previous studies, which affects the
estimation of the vertical VP position. Here, we consistently remove the first 10% of the contact phase.
Our experimental set-up and methodology are identical to [5], which reports results from human
walking. Thus, we can directly compare the R2 values for both walking and running. The R2 value of
the level running is 6 percentage points lower than the R2 reported in [5] for level walking. The R2

value for V10 running is 15 percentage points lower than V10 walking, whereas the R2 for C10 running
is up to 25 percentage points lower compared to C10 walking. In summary, we report that the spread of
the R2 is generally higher in human running at 5 m s−1, compared to human walking.

4.2. Experiments versus model
In this section, we discuss how well the TSLIP simulation model predicts the CoM dynamics, trunk angle
trajectories, GRFs and energetics of human running. A direct comparison between the human
experiments and simulations is possible for the level running. The V0 condition of the human
experiments corresponds to step − 1 of the simulations (also to the base gait). Overall, we observe a
good match between experiments and simulations for the level running (see figures 9–11). On the
other hand, a direct comparison for the gaits with perturbed step is not feasible owing to the reasons
given in §4.3 in detail. Here, we present perturbed gait data to show the extent of the similarities and
differences between the V10 and C10 conditions of the experiments and step 0 and 1 of the simulations.

Concerning the CoM dynamics, the predicted CoM height correlates closely with the actual CoM
height in level running, both of which fluctuate between 1.05–1m with 5 cm vertical displacement
(figure 9a1–a2). The vertical displacement of the CoM is larger for the perturbed step, where the CoM
height alternates between 1–0.9m in the experiments (figure 9a3) and 1.05–0.85m in the simulations
(figure 9a4). The differences can be attributed to the visibility of the drop. Human runners visually
perceiving changes in ground level and lowered their CoM by about 25% of the possible drop height
for the camouflaged contact [41]. The mean forward velocity at leg touch-down is 5.2 m s−1 in the
experiments (figure 9b1). In the simulations, the leg angle controller adjusts the forward speed at the
apex to a desired value. We set the desired speed to 5 m s−1 (figure 9b2), which is the mean forward
velocity of the step estimated from the experiments. For level running, both the experiments and
simulations show a 0.2 m s−1 decrease in forward velocity between the leg touch-down and mid-
stance phases (figure 9b1–b2). As for the perturbed running, human experimental running shows a
drop in forward speed of 4.5% for V10, and 0.1% for the C10 condition (figure 9b3). Namely, there is
no significant change in forward velocity during the stance phase for the C10 condition. The
simulation shows a drop in forward speed of 9.5% for step 0, and 11.1% in step 1 (figure 9b4).

The trunk angle is the least well-predicted state, since the S-shape of the simulated trunk angle is not
recognizable in the human running data (figure 9c1–c2). One of the reasons may be the simplification of
the model. The flight phase of a TSLIP model is simplified as a ballistic motion, which leads to a constant
angular velocity of the trunk. The human body, on the other hand, is composed of multiple segments,
and intra-segment interactions lead to more complex trunk motion during flight phase. Furthermore,
the model does not distinguish between the trunk and whole-body dynamics [42]. The large variance
observed in the trunk angle trajectories between different subjects and trials might obscure small
trunk angle tendencies, particularly for the C10 condition. Consequently, the mean trunk angle
profiles do not provide much information about the trunk motion pattern, especially for the perturbed
step for C10. Therefore, we cannot clarify to what extent the VP position is used for regulating the
trunk motion in humans. However, a trend of trunk moving forward is visible in both simulation and
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root of number of subjects. The TSLIP model is able to predict the CoM height and forward speed. Its prediction capability is reduced
for the trunk motion, as the flight phase involves ballistic motion and the trunk angular velocity is constrained to be constant.
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experiments. The mean trunk angular excursion at step 0 of the experiments is 1.8° for V0, 5.5° for V10
and 1.9° for the C10 condition (figure 9c1–c3). The S-shaped pattern of the trunk motion becomes more
perceivable in the experiments with a visible perturbed step (figure 9c3). In the simulations, the trunk
angular excursion is set to 4.5° for level running based on [27,39,40]. The magnitude of the trunk
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rotation at the perturbation step is higher in simulations, and amounts to 7.8° at step 0 and 8.6° at step 1
(figure 9c2–c4).

There is a good agreement between the simulation-predicted and the recorded GRFs for level
running. The peak horizontal and vertical GRFs amount to 0.5 BW and 3 BW, respectively, in both
experiments and simulations (see figures 5, 8a,d and appendix A.7., 19). As for the step-down
perturbation, the simulation model is able to predict the peak vertical GRF, but the prediction
becomes less accurate for the peak horizontal GRF. The peak vertical GRF of the −10 cm step-down
perturbation case is 3.5 BW for the V10 condition and 4 BW for the C10 condition, whereas it is 4 BW
for the simulation. In the C10 condition, the vertical GRF peak occurs at the foot impact and its peak
is shifted in time, to the left. The numerical simulation leads to over-simplified horizontal GRF
profiles, in the step-down condition. The human experiments show an impact peak. The experiments
have a peak horizontal GRF magnitude of 0.5 BW, which remains the same for all perturbation
conditions. By contrast, the peak horizontal GRF increases up to 1 BW in simulations.

In level running theGRF impulses of the experiments and the simulation are a goodmatch (see table 2 and
appendix A.5., figures 15b and 16b). The normalized horizontal impulses for both braking and propulsion
intervals are the same at 0.1, while the normalized net vertical impulse in experiments are 15% higher than
in the simulation. For the step-down conditions, the simulation predicts higher normalized net vertical
impulse values of 1.46 at step 0 and 1.36 at step 1, as opposed to 1.31 for the V10 condition and 1.18 for
C10 condition in experiments. The change in the horizontal impulses during the step-down differs
significantly between the simulation and experiments. The V10 condition shows no significant change in
the horizontal impulses, while in the C10 condition they decrease to 0.04 for breaking and 0.06 for
propulsion. By contrast, the simulations show an increase in the horizontal impulses (appendix A.5.,
figure 15b). In particular, for a step-down perturbation of −10 cm, the normalized braking impulse
increases to 0.15 at step 0 and 0.18 at step 1, whereas for propulsion it increases to 0.15 and 0.12.
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The different behaviour we observe in horizontal impulses at step-down for the experiments and
simulations may be owing to different leg angles at touch-down. We expect that a steeper leg angle of
attack at touch-down would decrease the horizontal and increase the vertical braking impulse. However,
we observe with 66° a 9° steeper angle of attack in the simulations for level running than it was reported
for V0 for the same experiments [30]. Nevertheless, no corresponding changes in the braking impulses
could be observed. On the other hand, in the perturbed condition, the angle of attack is with 66° nearly
the same in the simulation and C10, but here the braking impulses differ. However, differences in the
definition of the leg also affect the angle of attack. In the literature, an angle of attack between 57° and
82° was reported for level running [16], which fits the model’s leg angle of attack. Additionally, no
corresponding changes in the braking impulses could be observed. In the perturbed condition, the angle
of attack in the experiments is 9° steeper compared to V0, which could be caused by the swing leg
retraction, while the angle of attack in the simulation is the same in V0 and C10. Here, also the braking
impulses between experiment and simulation differ. Therefore, we conclude that the simulation could
potentially be improved by implementing a swing leg retraction as observed in humans [30,43,44].

Another reason for the limited prediction capabilities of the model for step-down drops might be
related to the heel strike and impact dynamics during the leg touch-down. The impact peak (i.e. first
peak) of the horizontal GRF in the breaking interval is smaller than the active peak (i.e. second peak)
for V0, and larger for V10 and C10 conditions (appendix A.7., figure 19b0–b1). In particular, the C10
condition displays a M-shaped horizontal GRF during braking interval, where the impact dynamics
becomes dominant. The absence of impact dynamics and associated GRF peaks in the simulation
model might contribute to the discrepancy observed in peak GRF magnitudes while stepping down.
Therefore, we conclude that additional factors have to be involved in the explanation of the different
peaks and impulses between simulation and experiments, and further investigations are needed.

In terms of the CoM energies, there is a good match between the kinetic energies of the experiments
and simulations for the unperturbed step (V0 and step −1 in figure 10a,b). The simulated energies of the
perturbed step are closer to the experiments with visible perturbations (V10 and steps 0 and 1 in figure
10c,d ). Human experiments show a drop in kinetic energy of 9% for V10, 3% for C10. The simulation
shows a drop in kinetic energy of about 25% for step 0 and step 1. The C10 condition shows a higher
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mean kinetic energy compared to visible perturbations and there is no obvious decrease of energy in the

stance phase (figure 10c).
The potential energy estimate of the simulations lies in the upper boundary of the experiments for the

unperturbed step (V0 and step −1 in figure 10a,b). The experiments with visible and camouflaged
perturbations, as well as the TSLIP model, result in similar potential energy curves (figure 10c,d ).

4.3. Limitations of this study
The human experiments and the numerical simulations differ in several points, and conclusions from a
direct comparison must be evaluated carefully. We discuss details for our choice of human experimental
and numerical simulation conditions in this section.

First of all, there is a difference in terrain structure. After passing step 0, the human subjects face a
different terrain structure type, compared to the TSLIP simulation model. The experimental set-up is
constructed as a pothole: a step-down followed by a step-up. However, an identical step-up in the
numerical simulation would require an additional set of controllers to adjust the TSLIP model’s leg
angle and push off energy. Hence for the sake of simplicity, the TSLIP model continues running on
the lower level and without a step-up. After the step-down perturbation, the simulated TSLIP requires
several steps to recover. An experimental set-up for an equivalent human experiment would require a
large number of force plates, which were not available here.

In the V10 condition, the subjects have a visual feedback and hence the prior knowledge of the
upcoming perturbation. This additional information might affect the chosen control strategy. In
particular, because there is a step-up in the human experiments, subjects might account for this
upcoming challenge prior to the actual perturbation.

In theC10 condition, some subjectsmight prioritize safety in the case of a sudden and expected drop, and
employ additional reactive strategies [45]. By contrast, the simulations with a VP controller cannot react to
changes during the step-downandonly consider the changes of the previous stepwhenplanning for the next.

Furthermore, in the human experiments, we cannot set a step-downhigher than−10 cmowing to safety
reasons, especially in the camouflaged setting. Instead, we can evaluate these situations in numerical
simulations and test whether a hypothesized control mechanism can cope with higher perturbations.
However, one has to keep in mind that the TSLIP model that we use in our analysis is simplified. Its
single-body assumption considers neither intra-segment interactions, nor leg dynamics from impacts
and leg swing. A future model can be improved by including swing leg dynamics, collusion dynamics
and ankle torque to capture the heel-strike and ankle push-off effects [46–48]. Finally, our locomotion
controller applied does not mimic specific human neural locomotion control or sensory feedback strategy.

4.4. Potential uses for the virtual point
Our previous study in [23] offers an explanation why different VP behaviours can be observed in human-
level running, by suggesting that different VP targets lead to a trade-off between the energy requirements
of the leg and hip. In particular, a VP below the CoM (VPBL) with prominent forward trunk motion at
ground contact might indicate weaker leg actuation (e.g. caused by injuries), whereas a VPB closer to
the CoM or a VPA might indicate weaker hip actuation (e.g. caused by hip extensor strength deficit).
Robots and rehabilitation devices could be designed with smaller actuators, after adopting VP
positions leading to lower joint loads.

If the VP is an existing function in human gait, the VP-based controllers establish biomechanically
similar patterns to humans. Consequently, VP-based controllers can provide natural reference
trajectories for exoskeletons to assist the human gait with a greater efficiency. For example, VP
inspired controllers implemented in the lower limb exoskeleton LOPEZ II [49] and soft passive exosuit
in [50] are able to reduce leg muscle activations and decrease the metabolic cost by 10% and 4%,
respectively. Our current work can provide the foundation for a VP-based control approach to assist
the human gait in the presence of step-down perturbations.
5. Conclusion
In this work, we investigated the existence and position of a VP in human running gait, and analysed
the implications of the observed VP location to postural stability and energetics with the help of a
numerical simulation.
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In addition to level running, we also inquired into the change of VP position when stepping down

on a −10 cm visible or camouflaged drop. Our novel results are twofold: first, the ground reaction
forces focus around a point that is −30 cm below the CoM for the human running at 5 m s−1. The VP
position does not change significantly when stepping down a visible or camouflaged drop of −10 cm.
Second, the TSLIP model simulations show that a VP target below the CoM is able to stabilize the
body against step-down perturbations without any need to alter the state or model parameters.
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Appendix A
A.1. Simulation: spring loaded inverted pendulum model extended with a trunk parameters
The TSLIP model parameters are presented in table 4 (see [23] for the parameters for the human model
and [25] for the avian model).
Table 4. TSLIP model parameters.

name symbol units literature chosen reference

mass m kg 60–80 80 [21]

moment of inertia J kg m2 5 5 [21,42]

leg stiffness k kN m−2 16–26 18 [15,21]

leg length l m 1 1 [21]

leg angle at TD uTDL ° 78–71 fHð_xÞ [15,21]

distance Hip-CoM rHC m 0.1 0.1 [21,51]

https://doi.org/10.6084/m9.figshare.12034350.v1
https://doi.org/10.6084/m9.figshare.12034350.v1
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A.2. Simulation: flowchart for leg angle and virtual point angle control

The linear controller for the leg angle θL and VP angle θVP is presented in figure 12. The leg angle control
coefficients (k _x k _x0 ) in equation (2.5) are decreased from (0:25, 0:5k _x) to (0:2, 0:3k _x), as the step-down height
is increased from −10 cm to −40 cm. The reduction of the coefficients slows down the adjustment of the
forward speed, and enables us to prioritize the postural correction in the presence of larger perturbations.
take-off (i)

mid-stance (i)

touch-down (i) apex (i)apex (i-1)

VP angle control

leg angle control

stance phase flight phaseflight phase

(qVP|i, qC
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qVPB
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qL
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..

Figure 12. The linear feedback control scheme for the leg angle in equation (2.5) and the VP angle in equation (2.6) are presented.
Both controllers update step-to-step at the apex event where the CoM reaches to its maximum height.
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A.3. Simulation: the centre of mass state

The centre of mass trajectory of the simulated gaits are plotted in figure 7, where we can infer its position
and height. In figure 13, we provide the time progression of the remaining state parameters: the trunk
pitch angle, forward speed, vertical speed and trunk angular velocity.
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Figure 13. The trunk pitch angle (a), forward speed (b), vertical speed (c), and trunk angular velocity (d ) of the simulated gaits.
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A.4. Simulation: energy regulation at the leg and hip

In figure 14, we present the energy levels of the leg spring, leg damper and the hip actuator for the entire
set of step-down perturbations (Dz ¼ ½�10, �20, �30, �40 cm�).
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A.5. Simulation: ground reaction forces and impulses

We provide the vertical and horizontal ground reaction forces for the entire set of step-down
perturbations (Dz ¼ ½�10, �20, �30, �40 cm�) in figures 15 and 16, respectively.
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A.6. Standard deviation of the experiments

In §4, we provided the standard error (SE) of the measurements from the human running experiments
(see the patched areas in figures 9–11). The SE is calculated by dividing the standard deviation (STD)
by the square root of number of subjects. The SE shows how good the mean estimate of the
measurements is.

On the other hand, STD shows how spread out our different measurements are. The STD is an
important measure, especially for the trunk angle measurements, where the trajectories of each subject
significantly varies. Therefore, we provide the STD values here for the CoM state in figure 17 and CoM
energy in figure 18.
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Figure 17. This figure is an extension of figure 9, with the difference that the standard deviation is plotted with the patches instead
of the standard error.

urnal/rsos
R.Soc.Open

Sci.7:200570



650

750

850

650

750

850

standard deviation (STD)

le
ve

l  
ru

n
st

ep
 h

ei
gh

t: 
–1

0 
cm

 

CoM Energy

kinetic energy potential energy

level run

normalized step time normalized step time

V0 V10 C10 V0 V10 C10

0 0.5 1.0 0 0.5 1.0

1.0 1.00 0.5 0 0.5

1.3k

1k

700

1.3k

1k

700

(J) (J)

(J) (J)

Dz: –10 cm Dz: –10 cm

(a0) (b0)

(a1) (b1)

Figure 18. This figure is an extension of figures 10 and 11, with the difference that the standard deviation is plotted as patches
instead of the standard error.
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A.7. Ground reaction forces: simulation versus experiment

We present the vertical (a) and horizontal (b) GRFs belonging to the step 0 of the human running
experiments (V0, V10, C10) and steps −1, 0 and 1 of the simulations with a −10 cm step-down height,
plotted on top of each other in figure 19.
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Figure 19. The vertical (a) and horizontal (b) ground reaction forces (GRFs) are plotted over normalized step time. The mean of the
experimental results are shown. The TSLIP model simulation is able to capture the characteristics of the GRF in level running (a0, b0).
For the step-down perturbation, the model predicts higher values for the peak vertical (a1) and horizontal (b1) GRF, compered to the
mean values of the experiments.

ypublishing.org/journal/rsos
R.Soc.Open

Sci.7:200570



29
References

royalsocietypublishing.org/journal/rsos

R.Soc.Open
Sci.7:200570
1. Maus H-M, Lipfert S, Gross M, Rummel J,
Seyfarth A. 2010 Upright human gait did not
provide a major mechanical challenge for our
ancestors. Nat. Commun. 1, 70. (doi:10.1038/
ncomms1073)

2. Gruben KG, Boehm WL. 2012 Force direction
pattern stabilizes sagittal plane mechanics of
human walking. Hum. Mov. Sci. 31, 649–659.
(doi:10.1016/j.humov.2011.07.006)

3. Müller R, Rode C, Aminiaghdam S, Vielemeyer J,
Blickhan R. 2017 Force direction patterns
promote whole body stability even in hip-flexed
walking, but not upper body stability in human
upright walking. Proc. R. Soc. A 473, 20170404.
(doi:10.1098/rspa.2017.0404)

4. Sharbafi MA, Seyfarth A. 2015 Mimicking
human walking with 5-link model using hzd
controller. In IEEE Int. Conf. on Robotics and
Automation (ICRA), pp. 6313–6319. New York,
NY: IEEE.

5. Vielemeyer J, Grießbach E, Müller R.
2019 Ground reaction forces intersect above
the center of mass even when walking down
visible and camouflaged curbs. J. Exp. Biol. 222,
jeb204305. (doi:10.1242/jeb.204305)

6. Andrada E, Rode C, Sutedja Y, Nyakatura JA,
Blickhan R. 2014 Trunk orientation causes
asymmetries in leg function in small bird
terrestrial locomotion. Proc. R. Soc. Lond. B 281,
20141405.

7. Blickhan R, Andrada E, Müller R, Rode C,
Ogihara N. 2015 Positioning the hip with
respect to the COM: consequences for leg
operation. J. Theor. Biol. 382, 187–197. (doi:10.
1016/j.jtbi.2015.06.036)

8. Scholl P. 2018 Modeling postural control in
Parkinson’s disease. Msc thesis, Technical
University of Darmstadt, Darmstadt, Germany.

9. Firouzi V, Seyfarth A, Sharbafi MA. 2019 Tip
model: a combination of unstable subsystems
for lateral balance in walking. In IEEE/RSJ Int.
Conf. on Intelligent Robots and Systems (IROS),
pp. 476–482. New York, NY: IEEE.

10. Maus MH. 2008 Stabilisierung des Oberkörpers
beim Rennen und Gehen. Diploma thesis.
Friedrich Schiller University, Jena, Germany.

11. Hinrichs RN. 1987 Upper extremity function in
running. II: angular momentum considerations.
Int. J. Sport Biomech. 3, 242–263. (doi:10.1123/
ijsb.3.3.242)

12. Maus H-M, Rummel J, Seyfarth A. 2008 Stable
upright walking and running using a simple
pendulum based control scheme. In Advances
in Mobile Robotics (eds L Marques,
A de Almeida, MO Tokhi, GS Virk), pp. 623–629.
Singapore: World Scientific.

13. Geyer H, Seyfarth A, Blickhan R. 2006 Compliant
leg behaviour explains basic dynamics of
walking and running. Proc. R. Soc. B 273,
2861–2867. (doi:10.1098/rspb.2006.3637)

14. Blickhan R. 1989 The spring-mass model for
running and hopping. J. Biomech. 22,
1217–1227. (doi:10.1016/0021-9290(89)90224-8)

15. McMahon TA, Cheng GC. 1990 The mechanics of
running: how does stiffness couple with speed?
J. Biomech. 23, 65–78. (doi:10.1016/0021-
9290(90)90042-2)

16. Müller R, Birn-Jeffery AV, Blum Y. 2016 Human
and avian running on uneven ground: a model-
based comparison. J. R. Soc. Interface 13,
20160529. (doi:10.1098/rsif.2016.0529)

17. Lee J, Vu MN, Oh Y. 2017 A control method for
bipedal trunk spring loaded inverted pendulum
model. In The 13th Int. Conf. on Autonomic and
Autonomous Systems, pp. 1–6. IARIA XPS Press.

18. Maufroy C, Maus HM, Seyfarth A. 2011 Simplified
control of upright walking by exploring
asymmetric gaits induced by leg damping. In IEEE
Int. Conf. on Robotics and Biomimetics (ROBIO),
pp. 491–496. New York, NY: IEEE.

19. Vu MN, Lee J, Oh Y. 2017a Control strategy for
stabilization of the biped trunk-slip walking
model. In 14th Int. Conf. on Ubiquitous Robots
and Ambient Intelligence (URAI), pp. 1–6.
New York, NY: IEEE.

20. Vu MN, Lee J, Oh Y. 2017b Walking control
algorithm of the 5-link robot based on
operational space control. In IEEE Int. Conf. on
Mechatronics and Automation (ICMA),
pp. 1532–1537. New York, NY: IEEE.

21. Sharbafi MA, Maufroy C, Ahmadabadi MN,
Yazdanpanah MJ, Seyfarth A. 2013 Robust
hopping based on virtual pendulum posture
control. Bioinspir. Biomim. 8, 036002. (doi:10.
1088/1748-3182/8/3/036002)

22. Sharbafi MA, Maufroy C, Maus HM, Seyfarth A,
Ahmadabadi MN, Yazdanpanah MJ. 2012
Controllers for robust hopping with upright
trunk based on the virtual pendulum
concept. In IEEE/RSJ Int. Conf. on Intelligent
Robots and Systems, pp. 2222–2227. New York,
NY: IEEE.

23. Drama Ö, Badri-Spröwitz A. 2019 Trunk pitch
oscillations for joint load redistribution in
humans and humanoid robots. In 2019 IEEE-
RAS 19th Int. Conf. on Humanoid Robots
(Humanoids), pp. 531–536. New York, NY: IEEE.

24. Van Bommel L. 2011 Virtual pivot point control
for running robots. Msc thesis, Delft University
of Technology (TU Delft), Delft, The
Netherlands.

25. Drama Ö, Badri-Spröwitz A. 2020 Trunk
pitch oscillations for energy trade-offs in
bipedal running birds and robots. Bioinspir.
Biomim. 15, 036013. (doi:/10.1088/1748-3190/
ab7570)

26. Peekema AT. 2015 Template-based control of
the bipedal robot ATRIAS. Msc thesis, Oregon
State University, Oregon, USA.

27. Thorstensson A, Nilsson J, Carlson H, Zomlefer
MR. 1984 Trunk movements in human
locomotion. Acta Physiol. Scand. 121, 9–22.
(doi:10.1111/j.1748-1716.1984.tb10452.x)

28. Sharbafi MA, Seyfarth A. 2014 Stable running by leg
force-modulated hip stiffness. In 5th IEEE RAS/EMBS
Int. Conf. on Biomedical Robotics and
Biomechatronics, pp. 204–210. New York, NY: IEEE.

29. Kenwright B, Davison R, Morgan G. 2011
Dynamic balancing and walking for real-time 3d
characters. In Motion in Games (eds JM Allbeck, P
Faloutsos), pp. 63–73. Berlin, Heidelberg:
Springer.

30. Müller R, Ernst M, Blickhan R. 2012 Leg adjustments
during running across visible and camouflaged
incidental changes in ground level. J. Exp. Biol. 215,
3072–3079. (doi:10.1242/jeb.072314)

31. Birn-Jeffery AV, Hubicki CM, Blum Y, Renjewski D,
Hurst JW, Daley MA. 2014 Don’t break a leg:
running birds from quail to ostrich prioritise leg
safety and economy on uneven terrain. J. Exp. Biol.
217, 3786–3796. (doi:10.1242/jeb.102640)

32. Winter DA. 2009 Biomechanics and motor
control of human movement. Hoboken, NJ: John
Wiley & Sons.

33. Müller R, Tschiesche K, Blickhan R. 2014 Kinetic
and kinematic adjustments during perturbed
walking across visible and camouflaged drops in
ground level. J. Biomech. 47, 2286–2291.
(doi:10.1016/j.jbiomech.2014.04.041)

34. Ernst M, Götze M, Müller R, Blickhan R. 2014
Vertical adaptation of the center of mass in human
running on uneven ground. Hum. Mov. Sci. 38,
293–304. (doi:10.1016/j.humov.2014.05.012)

35. Günther M, Sholukha VA, Kessler D, Wank V,
Blickhan R. 2003 Dealing with skin motion and
wobbling masses in inverse dynamics. J. Mech.
Med. Biol. 3, 309–335. (doi:10.1142/
S0219519403000831)

36. van der Linden MH, Hendricks HT, Bloem BR,
Duysens J. 2009 Hitting a support surface at
unexpected height during walking induces
loading transients. Gait Posture 29, 255–260.
(doi:10.1016/j.gaitpost.2008.08.017)

37. Herr H, Popovic M. 2008 Angular momentum in
human walking. J. Exp. Biol. 211, 467–481.
(doi:10.1242/jeb.008573)

38. Hof AL. 1996 Scaling gait data to body size. Gait
Posture 3, 222–223. (doi:10.1016/0966-
6362(95)01057-2)

39. Heitkamp L. 2012 The role of the gluteus
maximus on trunk stability in human endurance
running. PhD thesis, University of Cincinatti,
Ohio, USA.

40. Schache AG, Bennell KL, Blanch PD, Wrigley TV.
1999 The coordinated movement of the lumbo
pelvic hip complex during running: a literature
review. Gait Posture 10, 30–47. (doi:10.1016/
S0966-6362(99)00025-9)

41. Ernst M, Götze M, Blickhan R, Müller R. 2019
Humans adjust the height of their center of mass
within one step when running across camouflaged
changes in ground level. J. Biomech. 84, 278–283.
(doi:10.1016/j.jbiomech.2018.12.036)

42. de Leva P. 1996 Adjustments to Zatsiorsky-
Seluyanov’s segment inertia parameters.
J. Biomech. 29, 1223–1230. (doi:10.1016/0021-
9290(95)00178-6)

43. Blum Y, Lipfert SW, Rummel J, Seyfarth A. 2010
Swing leg control in human running. Bioinspir.
Biomim. 5, 026006. (doi:10.1088/1748-3182/5/
2/026006)

44. Seyfarth A, Geyer H, Herr H. 2003 Swing-leg
retraction: a simple control model for stable
running. J. Exp. Biol. 206, 2547–2555. (doi:10.
1242/jeb.00463)

http://dx.doi.org/10.1038/ncomms1073
http://dx.doi.org/10.1038/ncomms1073
http://dx.doi.org/10.1016/j.humov.2011.07.006
http://dx.doi.org/10.1098/rspa.2017.0404
http://dx.doi.org/10.1242/jeb.204305
http://dx.doi.org/10.1016/j.jtbi.2015.06.036
http://dx.doi.org/10.1016/j.jtbi.2015.06.036
http://dx.doi.org/10.1123/ijsb.3.3.242
http://dx.doi.org/10.1123/ijsb.3.3.242
http://dx.doi.org/10.1098/rspb.2006.3637
http://dx.doi.org/10.1016/0021-9290(89)90224-8
http://dx.doi.org/10.1016/0021-9290(90)90042-2
http://dx.doi.org/10.1016/0021-9290(90)90042-2
http://dx.doi.org/10.1098/rsif.2016.0529
http://dx.doi.org/10.1088/1748-3182/8/3/036002
http://dx.doi.org/10.1088/1748-3182/8/3/036002
http://dx.doi.org//10.1088/1748-3190/ab7570
http://dx.doi.org//10.1088/1748-3190/ab7570
http://dx.doi.org/10.1111/j.1748-1716.1984.tb10452.x
http://dx.doi.org/10.1242/jeb.072314
http://dx.doi.org/10.1242/jeb.102640
http://dx.doi.org/10.1016/j.jbiomech.2014.04.041
http://dx.doi.org/10.1016/j.humov.2014.05.012
http://dx.doi.org/10.1142/S0219519403000831
http://dx.doi.org/10.1142/S0219519403000831
http://dx.doi.org/10.1016/j.gaitpost.2008.08.017
http://dx.doi.org/10.1242/jeb.008573
http://dx.doi.org/10.1016/0966-6362(95)01057-2
http://dx.doi.org/10.1016/0966-6362(95)01057-2
http://dx.doi.org/10.1016/S0966-6362(99)00025-9
http://dx.doi.org/10.1016/S0966-6362(99)00025-9
http://dx.doi.org/10.1016/j.jbiomech.2018.12.036
http://dx.doi.org/10.1016/0021-9290(95)00178-6
http://dx.doi.org/10.1016/0021-9290(95)00178-6
http://dx.doi.org/10.1088/1748-3182/5/2/026006
http://dx.doi.org/10.1088/1748-3182/5/2/026006
http://dx.doi.org/10.1242/jeb.00463
http://dx.doi.org/10.1242/jeb.00463


royalsocietypublishing.org/jou
30
45. Müller R, Häufle DFB, Blickhan R. 2015

Preparing the leg for ground contact in running:
the contribution of feed-forward and visual
feedback. J. Exp. Biol. 218, 451–457. (doi:10.
1242/jeb.113688)

46. Kim M, Collins SH. 2017 Once-per-step control
of ankle push-off work improves balance in a
three-dimensional simulation of bipedal
walking. IEEE Trans. Rob. 33, 406–418. (doi:10.
1109/TRO.2016.2636297)

47. Suzuki Y, Geyer H. 2018 A simple bipedal model
for studying control of gait termination.
Bioinspir. Biomim. 13, 036005. (doi:10.1088/
1748-3190/aaae8e)

48. Zamani A, Bhounsule PA. 2017 Foot placement
and ankle push-off control for the orbital
stabilization of bipedal robots. In 2017 IEEE/RSJ
Int. Conf. on Intelligent Robots and Systems
(IROS), pp. 4883–4888. New York, NY: IEEE.

49. Zhao G, Sharbafi M, Vlutters M, van Asseldonk E,
Seyfarth A. 2017 Template model inspired leg force
feedback based control can assist human walking.
In 2017 Int. Conf. on Rehabilitation Robotics (ICORR),
pp. 473–478. New York, NY: IEEE.
50. Barazesh H, Sharbafi MA. 2020 A biarticular
passive exosuit to support balance control can
reduce metabolic cost of walking. Bioinspir.
Biomim. 15, 036009. (doi:10.1088/1748-3190/
ab70ed)

51. Wojtusch J, von Stryk O. 2015 Humod - a
versatile and open database for the
investigation, modeling and simulation of
human motion dynamics on actuation level.
In Proc. of the IEEE-RAS Int. Conf. on
Humanoid Robots, pp. 74–79. New York,
NY: IEEE.
rnal/
rsos
R.Soc.Open

Sci.7:200570

http://dx.doi.org/10.1242/jeb.113688
http://dx.doi.org/10.1242/jeb.113688
http://dx.doi.org/10.1109/TRO.2016.2636297
http://dx.doi.org/10.1109/TRO.2016.2636297
http://dx.doi.org/10.1088/1748-3190/aaae8e
http://dx.doi.org/10.1088/1748-3190/aaae8e
http://dx.doi.org/10.1088/1748-3190/ab70ed
http://dx.doi.org/10.1088/1748-3190/ab70ed

	Postural stability in human running with step-down perturbations: an experimental and numerical study
	Introduction
	Methods
	Experimental methods
	Simulation methods

	Results
	Experimental results
	Simulation results
	Energy regulation
	Ground reaction force analysis


	Discussion
	Virtual point quality and location in human gait
	Experiments versus model
	Limitations of this study
	Potential uses for the virtual point

	Conclusion
	Ethics
	Data accessibility
	Authors' contribution
	Competing interests
	Funding
	Acknowledgements
	head23
	Appendix A
	Simulation: spring loaded inverted pendulum model extended with a trunk parameters
	Simulation: flowchart for leg angle and virtual point angle control
	Simulation: the centre of mass state
	Simulation: energy regulation at the leg and hip
	Simulation: ground reaction forces and impulses
	Standard deviation of the experiments
	Ground reaction forces: simulation versus experiment

	References


