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Abstract. In bipedal walking the trunk stabilization is an important
control task, as the trunk can be described as an unstable inverted pen-
dulum connected on a moving hip. A strategy to stabilize the trunk is to
apply a hip torque such that the trunk is transferred to a virtual hang-
ing pendulum. This concept generates hip torques, which could partially
be exerted by elastic structures. In this simulation study, we test if hip
springs could facilitate trunk stabilization. With moderate hip spring
stiffness and a short free motion around midstance, the springs reveal
best robustness. The reductionist model formulation allows to reveal the
function of mono-articular muscles surrounding the hip.
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1 Introduction

Inspired by human morphology and locomotion, several bipedal robots were de-
veloped that are able to walk. A main issue for the control of bipedal robots
is the stabilization, which can be separated into two parts, the management to
preserve the robot from falling and the balancing of the upright trunk. Due to
the complexity of the robots and, of course humans, the implementation of stabi-
lizing strategies is a challenge. However, fundamental strategies to gain stability
can be deduced from very simple simulation models. For instance, a bisecting
mechanism for passive trunk stabilization was investigated on a reduced passive
walker model before it was implemented in the walking robot Max [13]. The
bisecting mechanism and the common PD control are engineering approaches to
guarantee trunk stability, however, both are hardly the way how humans keep
their trunk upright.

The trunk is basically an unstable inverted pendulum standing on the hip.
Recently, a trunk stabilizing strategy was proposed that inverts the pendulum
such that the trunk is a normal hanging pendulum pivoted at a virtual point
above its center of mass [8]. The virtual pivot point is generated by a hip ac-
tuator, which redirects the ground reaction force to the mentioned point. This
strategy seems to be the natural solution for trunk balance as it is observable in
humans and animals [8].
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Fig. 1. The inspiration: typical hip torque pattern (gray curve) from [8] expressed over
the hip angle ψ(t). Between ψ = 170 deg and 190 deg, the curve could be simplified
by the linear relationships of two separated springs (black lines). Around straight hip
configuration (ψ ≈ 180 deg) both springs are at rest. The categorizations A to E are
explained in Sec. 1.

We will follow this idea, namely the virtual pendulum concept [8], and test
if the required hip torque could partially be generated passively. A passive con-
tribution for trunk stabilization would reduce the robot’s energy consumption
during locomotion. In order to identify possible passive structures contributing
to trunk balance, we take a look at Fig. 1 where the hip torque patterns proposed
in [8] are expressed over the hip angle. The torque curve can be separated into
five parts, two at low and high hip angles (A and E), two at moderate angles (B
and D) and one near the straight hip (ψ ≈ 180 deg, C). For the parts B and D,
we observe an almost linear increase and decrease of the hip torque dependent
on the distance from the straight configuration. When the hip is almost straight,
the hip torque is nearly zero. This behavior leads to the suggestion that two
linear springs with resting angles near ψ = 180 deg could be implemented which
surround the hip. Simple springs cannot be turned off if the hip angle is too large,
hence, the hip torque - hip angle relationship for A and E cannot be generated.
It remains unclear how this lack contributes to trunk stabilization.

The implementation of hip springs in robots was found to be helpful to
facilitate swing leg motion and stabilize the gait [4, 9]. Here, the hip springs are
attached between the legs, hence, they do not contribute to trunk stability. In
[5], it is mentioned that passive elastic components like tendons could positively
contribute to swing leg motion if the tendons are attached between upper body
and legs. This idea was previously used in the hopping robot ARL-monopod
II where a single torsional spring decreased the energy consumption of the hip
actuator [1].

To the best of our knowledge, there was no investigation on how hip springs,
attached between upper body and legs, influence the stabilization of the up-
right trunk. Inspired by the hip torque pattern shown in Fig. 1 we assume that
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Fig. 2. The body model (left) with the hip springs shown at the right side. The model
has two legs while only one is shown.

springs facilitate trunk stability. Furthermore, a free motion around straight hip
configuration might have positive effects on stability.

2 Methods

We investigate the trunk stabilization based on hip springs using the same me-
chanical model of [8] where the bipedal spring-mass model served as underlying
template for walking [2]. This allows for inheriting the self-stabilizing features of
compliant legs. In order to focus on trunk stability, we keep the model as simple
as possible, hence, we neglect swing leg motions.

Fig. 2 shows the model, which consists of a rigid upper body (body mass
m, moment of inertia J) whose hip joint is positioned below the center of mass
with the distance rH . The model acts in the sagittal plane with x, y being the
position of the center of mass. The body’s pitch angle is ϕ, and the trunk is
upright if ϕ = 90 deg. The legs are represented as massless springs with spring
stiffness k and rest length L0. The hip torque of the left leg is τL. The equation
of motion is

mẍ = GRFLx +GRFRx

mÿ = GRFLy +GRFRy −mg

Jϕ̈ = τL + (rH ×GRFL) |z + τR + (rH ×GRFR) |z
(1)

with the gravitational acceleration g = 9.81m s−2 and the ground reaction forces
GRF . The ground reaction force for the left leg is

GRFL = FL +
τL
LL

(
sinαL

cosαL

)
(2)
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with the leg angle αL and the leg force FL:

FL = k(L0 − LL)
(
− cosαL

sinαL

)
. (3)

The leg force and the hip torque are zero during swing phase. We consider tran-
sitions between swing and stance by the following conditions: swing → stance:
yH(t) = L0 sinαTD with ẏH < 0, and stance → swing: L(t) = L0 with L̇ > 0,
with yH being the hip height.

In this study, the hip torque τ is generated by hip springs only. The hip
torque of the left hip τL = τL1 + τL2 depends on the hip angle ψL, the stiffness
of the hip springs c and the rest angles ψ01 and ψ02:

τL1 =
{

0 ifψL ≥ ψ01

c (ψ01 − ψL) ifψL < ψ01
(4)

τL2 =
{

0 ifψL ≤ ψ02

c (ψ02 − ψL) ifψL > ψ02
(5)

For simplification, we chose the rest angles ψ01 and ψ02 such that the distance
to the straight hip configuration ψ = 180 deg is equal and opposite. Constant
system parameters are listed in Tab. 1.

The model has six initial conditions S0 = [x0, y0, ϕ0, ẋ0, ẏ0, ϕ̇0]T. We start
simulations at the instant of vertical leg orientation (VLO) where the hip is
vertically aligned above the foot point and the second leg is in swing phase
[11]. With this definition, the horizontal position x0 depends on the body angle:
x0 = rH cosφ0. The number of independent initial conditions is then reduced to
five S0 = [y0, ϕ0, ẋ0, ẏ0, ϕ̇0]T.

For system analyses we apply Poincaré maps with VLO as Poincaré section
[11]. The Poincaré map of two subsequent steps is Si+1 = P (Si) with i indicat-
ing the step number. A periodic walking solution corresponds to a fixed point
in the map S∗ = P (S∗), which we find with a Newton-Raphson algorithm. A
solution is locally stable if all eigenvalues of the Jacobian matrix of P (S∗) have
magnitudes less than one.

Local stability means that the system compensates small perturbations, while
robustness is the ability to deal with realistic large perturbations. We test ro-
bustness with the simple approach of [10] where an ellipsoid-shaped region of

Table 1. Constant model parameters. Leg stiffness is based on experimental data from
human walking [7]. The landing angle and the system energy are taken from [12, 10],
where local stability and robustness of the bipedal spring-mass model is observed.

parameter value parameter value

body mass m = 80 kg leg length at rest L0 = 1 m

inertia J = 5 kg m2 distance hip - COM rH = 0.1 m

leg stiffness k = 26.76 kN m−1 landing angle αTD = 74.5 deg
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Fig. 3. Stick figure (a), pitch angle ϕ and total hip torque (b) of a periodic and stable
walking solution (c = 4.5Nm/deg, ψ01 = 178 deg, ψ02 = 182 deg). The gray patches in
(b) indicate double support and the gray dashed line shows the torque of the right hip.

attraction in the state space is assumed with S∗ in the center. The volume of the
ellipsoid VELL is then a quantity for robustness. In our model, the ellipsoid has
five main axes, one for each independent initial condition. To derive one main
axes of the ellipsoid, for instance the main axis for y0, we keep all other initial
conditions constant at the number of the periodic solution ϕ∗0, ẋ∗0, ẏ∗0 , ϕ̇∗0, and
vary y0. We increase y0 stepwise and apply for each value a steps-to-fall approach
[12] until the previously determined maximum number of walking steps, in this
study 50, is no longer reached, and save the last successful value y0B . We do this
for both directions, y0+ > y∗0 and y0− < y∗0 , and identify the minimum distance
∆y0B min = min [|y0B+ − y∗0 | , |y0B− − y∗0 |]. This approach is then applied to the
other initial conditions. The ellipsoid’s volume for our five dimensional case is

VELL =
8π2

15
∆y0B min∆ϕ0B min∆ẋ0B min∆ẏ0B min∆ϕ̇0B min. (6)

3 Results

For the body and hip spring model, a human-like periodic walking solution is in-
herited from the bipedal spring-mass model where local stability and robustness
was already provided [10]. Fig. 3(a) visualizes this motion in the body model.
The body’s pitch motion ϕ(t) is almost zero, except for the double support phase,
as shown in Fig. 3(b). In this example, the rest angles of the hip springs ψ01

and ψ02 are chosen such that the body rotates freely around midstance. At the
beginning and at the end of the right leg’s stance phase, the torque of the hip
springs are maximal. Here, the walker is in the double support phase where the
counter leg generates an opposite hip torque. Therefore, during double support
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Fig. 4. Parameter region of marginally stable solutions. The contour lines indicate the
size of the ellipsoid VELL, which is a shape in the space of initial conditions. VELL is
a quantification for robustness of the gait solutions. The insets show two examples of
hip torque - hip angle relationships. For ψ01 > 180 deg the hip joint stiffness around
straight hip configuration is twice as large as the stiffness of a single hip spring.

the total hip torque is lower than the maximum torque generated by a single hip
spring.

With the constant body model settings of Tab. 1 we perform a parameter
study for the added hip mechanism. We vary the hip spring stiffness c and the
resting angle ψ01, while ψ02 = 360 deg−ψ01 to keep the system symmetric. For
each parameter combination, we identify the according periodic solution and
test it for local stability. Since the model cannot compensate energy changes,
one eigenvalue of the Jacobian matrix is one, therefore, the system is marginally
stable. Fig. 4 shows the parameter region for marginally stable solutions, which
can be separated into two branches, A and B. Branch A exists for c > 5 Nm/deg
and ψ01 ≈ 180 deg. The second branch (B) has its minimum hip spring stiffness
at nearly 1Nm/deg. For c < 5 Nm/deg the range of ψ01 is about 12 deg. At c ≈
5 Nm/deg exists a break where the ψ01-range abruptly decreases to 8 deg. With
further increasing hip spring stiffness, the ψ01-range for stable walking slightly
decreases. For both branches and increasing hip spring stiffness, we observe that
the average resting angle ψ01 shifts from values larger than 180 deg to values
smaller than 180 deg. This means, the stiffer the springs, the more the hip moves
freely around midstance.

A strong quality measure for the implemented hip mechanism is the robust-
ness against larger perturbations, which is visualized by the contour lines in
Fig. 4. In the branch A, robustness is best at one margin of the stable region.
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Fig. 5. Robustness estimation in detail. The system’s robustness is shown in (a), quan-
tified by the volume of the ellipsoid VELL. The other graphs show the maximum devia-
tions of initial conditions in both directions away from the periodic solution (normalized
to 0 in all graphs). The minimum deviations, for instance ∆y0B min in (c), are indicated
by a dot and count for the calculation of the ellipsoid’s volume in Eq. 6. The constant
hip spring stiffness for this example is c = 4.5 Nm/deg.

Here, robustness increases with increasing hip spring stiffness. In branch B exist
two local maxima of robustness for c < 5 Nm/deg. These are at c = 3.1 and
3.7 Nm/deg with ψ01 = 178.0 and 178.5 deg, respectively. Around the first max-
imum, robustness decreases only slightly for varying ψ01. Similar to branch A,
another maximum is found for strong hip springs (c = 7.3 Nm/deg) in branch
B, however, the ellipsoids volume decreases strongly for varying rest angle ψ01.

A look into the details of the robustness estimation is shown in Fig. 5. The
system is predicted to be robust by VELL if larger perturbations in all directions
of initial conditions can be managed. This is emphasized for ψ01 ≈ 178 deg where
the ellipsoid’s volume VELL has a maximum (Fig. 5(a)), and the deviations (dots
in Fig. 5(b), (c), and (d)) are away from zero. At ψ01 ≈ 174 deg we observe a
distinct minimum in VELL. Here, the system can hardly compensate perturba-
tions that affect the pitch motion (ϕ and ϕ̇ shown in Fig. 5(d)) and the vertical
velocity ẏ (Fig. 5(b)). A reason for this dramatic change in the system behavior
is that here the hip springs generate torque during double support phase only.
This effect is more emphasized for lower ψ01, but interestingly, the robustness is
not so much affected.

The perturbations that can be compensated passively are relatively small.
For instance, the deviation ∆ϕ0B min of the body pitch angle from the nominal
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Fig. 6. Test for VPP in perturbed walking. The illustration (a) has its origin at the
center of mass and it shows the total ground reaction forces at different times, orig-
inating at the center of pressure. The gray point is the average location of the VPP
(position at the body axis where the ground reaction force intersects it) measured
over four subsequent perturbed walking steps. The graph (b) shows the average VPP
height for varying ψ01 and constant hip spring stiffness (c = 4.5 Nm/deg). The gray
patch indicates the parameter region for marginally stable walking solutions.

angle ϕ∗0 is only 0.088 rad (5.0 deg) for the hip spring adjustment c = 4.5 Nm/deg
and ψ01 = 178.5 deg where the example of Fig. 5 has a maximum in VELL.

This study is inspired by the virtual pendulum concept for trunk stabilization
[8] and we test if the hip springs generate a virtual pivot point (VPP) above the
center of mass. For this, we perturb all walking solutions (ϕ0 = ϕ∗ + 1 deg) and
investigate the VPP of four subsequent walking steps. The outcoming VPP is the
intersection point of the total ground reaction force and the body’s longitudinal
axis (defined as the connecting line between hip and COM). Fig. 6(a) shows that
the direction of the ground reaction force fluctuates widely. In this example, the
average intersection point (the resulting VPP) over the four perturbed steps is
above the center of mass position.

The average VPP position for varying resting angle ψ01 is shown in Fig.
6(b). In the parameter range where the system is most robust (ψ01 ≈ 180 deg)
the average VPP is above the body’s center of mass. For smaller resting angles,
we observe that the VPP is slightly below the center of mass, while stability and
moderate robustness (for ψ01 ≈ 172 deg) is provided.

4 Discussion

With a highly reduced model, we have shown that two separated springs per leg
surrounding the hip facilitate stabilization of the trunk during walking. These
purely passive components could help to reduce the energy consumption of hip
actuators when they are arranged in parallel. Although, springs are implemented,
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the hip actuator does not become obsolete, as it is necessary to, for instance, ini-
tiate the motion, compensate large perturbations, and for energy management.

With moderate hip spring stiffness (c < 5 Nm/deg) a precise adjustment of
the resting angles is not necessary. However, robustness originated by the springs
is provided when their resting angles are closed to the straight hip configuration.
Here, the springs generate a VPP above the center of mass as proposed in [8]
for upright trunk stabilization. According to our hypothesis, a slight shift of the
resting angle ψ01 to smaller values provides best robustness. Here, the hip moves
freely around midstance. This is similar to findings in human experiments where
the related muscles are also inactive around midstance. The mono-articular mus-
cles Gluteus maximus and Iliopsoas are structural parts at the human hip that
correspond to the hip springs 1 and 2, respectively. The muscle stimulation of
the Gluteus maximus is maximal near the instant of touch down and the Il-
iopsoas starts activation at the end of the swing phase [3]. The already familiar
function of both muscles is the generation of the leg swing [3, 6]. With our model
based predictions we can show that both play a second functional role, that is
the trunk stabilization.

Similar to the muscles, the hip torques provided by the hip springs are also
useful for the leg swing, i.e. a positive torque around touch down (hip spring
1) leads to leg retraction and a negative torque at the end of the stance phase
(hip spring 2) initiates the protraction. In human walking, the protraction of the
thigh starts right before take off [7], which might help to keep the swing phase
short and therefore facilitate energy efficient walking [12].

In the used body model, the legs were assumed to be massless, due to the
focusing on body motion. We plan in a future study to include the leg mass
and to prove how the hip structures have to be adjusted to do both, trunk
balance and swing leg motion. Beside the mono-articular structures, there are
also bi-articular muscles spanning over knee and hip joint like the Biceps femoris,
Rectus femoris and Sartorius. To investigate the influence of these muscles on
trunk stability, the leg can no longer be described as a simple leg spring. To
reveal the functional role of bi-articular muscles, a representation of the leg as
segmented leg is necessary and planned in a future study.
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