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ABSTRACT

Simple models are widely used to understand the mechanics of human walking. The optimization-based
minimal biped model and spring-loaded-inverted-pendulum (SLIP) model are two popular models that
can achieve human-like walking patterns. However, ground reaction forces (GRF) from these two models
still deviate from experimental data. In this paper, we proposed an actuated dissipative spring-mass
model by integrating these two models to realize more human-like GRF patterns. We first explored
the function of stiffness, damping, and weights of both energy cost and force cost in the objective function
and found that these parameters have distinctly different influences on the optimized gait and GRF pro-
files. The stiffness and objective weight affect the number and size of peaks in the vertical GRF and stance
time. The damping changes the relative size of the peaks but has little influence on stance time. Based on
these observations, these parameters were manually tuned at three different speeds to approach exper-
imentally measured vertical GRF and the highest correlation coefficient can reach 0.983. These results
indicate that the stiffness, damping, and proper objective functions are all important factors in achieving
human-like motion for this simple walking model. These findings can facilitate the understanding of

human walking dynamics and may be applied in future biped models.

© 2019 Published by Elsevier Ltd.

1. Introduction

Walking is one of the most common locomotion patterns for
daily living. Healthy humans walk in a similar pattern with typical
features: an alternating double support (DS) phase and single sup-
port (SS) phase, a double-peak ground reaction force (GRF) profile,
etc. (Whittle, 2007; Winter, 2009). Modeling and simulation, espe-
cially predictive simulations, have been widely used to understand
the underlying mechanism of human walking and predict human
interaction with external environments (Hicks et al., 2015). An ulti-
mate goal of walking models is to replicate human walking as close
as possible, in order to apply these models to studies related to
humanoids, exoskeletons and so on. Numerous models have been
proposed in literature and they differ from each other in structure
and complexity. Since the human body is extremely complex, dif-
ferent levels of simplification result in models with varying com-
plexity. According to the complexity level, these models can be
roughly divided into three categories: center-of-mass level models,
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giving information about center-of-mass trajectory and external
GRF force; joint-level models (Ren et al., 2005; Xiang et al,
2012), providing additional information on joint kinematics and
kinetics; and muscular-skeletal models (Anderson and Pandy,
2001; Song and Geyer, 2015), giving further information including
muscle actuation and coordination. Complicated models have the
potential to produce similar walking patterns as humans and can
provide more information on human movements. However, they
suffer from difficulties that arise from control methods: especially
when using optimization techniques due to the “curse of dimen-
sionality” (Bellman, 2003). On the other hand, center-mass level
models remain simple and are able to offer many important
insights about human walking (Alexander, 1995; Kuo, 2001).

At the center-mass level, the classic inverted pendulum model
(Cavagna et al., 1976; McGrath et al., 2015) can only represent
the SS phase and thus cannot generate a full walking step contain-
ing a DS phase. Collision-based models include the passive
dynamic walker (Mcgeer, 1990), the simplest walking model
(Garcia et al., 1998; Kuo, 2002) and some other anthropomorphic
biped models (Alexander, 1995; Kuo, 2001). These models are
limited to an instantaneous DS phase and therefore result in an
infinitely large GRF force. There are two representative models that
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can achieve human-like walking patterns with the double-peak
GRF pattern: the spring-loaded-inverted-pendulum (SLIP) model
(Geyer et al., 2006) and the minimal biped model (Srinivasan and
Ruina, 2006). They are both extremely simple, only containing a
point mass and two massless legs, but differ from each other signif-
icantly. The SLIP model is totally passive and includes two springy
massless legs. Periodical walking can be obtained by forward inte-
gration from a proper initial condition, requiring no actuation and
energy input since the spring is energy conservative. Tuning
parameters such as spring constants and the angle of attack can
also achieve various different walking patterns (Rummel et al.,
2010). In contrast, the minimal biped model is active and includes
a translational actuator in each leg. Actuation forces are obtained
from the optimization of energy cost on mechanical work. The
resultant walking patterns of this model are similar to the impul-
sive walking model with a larger GRF in DS phase. Adding a cost
from actuation force derivatives (Rebula and Kuo, 2015), or a
bound on the force derivatives (Srinivasan, 2010), the model
achieved smoother walking gait patterns similar to human
walking.

It’s indeed already impressive that the SLIP model and minimal
biped model can achieve human-like walking patterns with such
simple structures. However, the minimal biped model tends to pre-
dict higher force at the mid-stance and it could be a small peak
rather than a trough (Rebula and Kuo, 2015). On the contrary,
the SLIP model usually gives deeper trough value (Geyer et al.,
2006; Rummel et al., 2010). This inspires combining components
of the SLIP model and the minimal biped model to achieve closer
predictions of human walking patterns in term of GRF pattern. This
idea was tested by putting a spring in series with the leg actuators,
which was claimed able to realize the human-like GRF pattern
(Srinivasan, 2010). However, the comparison was only made qual-
itatively in that paper. In addition, a flaw of this combined model is
that leg actuator power resulted in a value near zero, which indi-
cates that it still acted as the SLIP model. This is perhaps due to
the fact that the spring mechanism is energy conservative and
therefore the optimizer minimizes the actuation power to zero.

In this paper, we integrate the SLIP model and the minimal
biped model, proposing an actuated dissipative spring-mass model
to achieve more human-like walking patterns. Beyond the spring-
actuator legs in (Srinivasan, 2010), a damping element is added in
parallel with the spring mechanism which allows energy dissipa-
tion and requires power input from actuation. We quantitatively
compared the model-predicted GRF with empirical walking data,
at three speeds, to examine the function of each element and eval-
uate the performance of the model. We expect that the spring-
damping unit can help to achieve a more human-like walking pat-
tern and the proposed model may be applied in further studies on
the understanding human walking mechanics and the design of
assistive devices.

2. Methods
2.1. Model description

Our model is based on the minimal biped model (Srinivasan and
Ruina, 2006) with spring-damping units added to each leg, as shown
in Fig. 1. The human body is considered as a point mass and is sup-
ported by two massless legs. A telescoping actuator is embedded in
series with the spring-damping unit in each leg and provides axial
forces only. We assume human walking as periodical and symmetric
between steps and thus we only consider one step in the model.
Without loss of generality, we name the two legs as Leg1 and Leg2
(Fig. 1). The position of the body center of mass (CoM) is denoted
as (Xc,y.). The orientation of the two legs is described as

Body
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(_LstepJ 0) (0;0)

Fig. 1. The actuated dissipative spring-mass model which consists of a point mass
and two massless legs. Each leg has a spring-damping unit in series with a
translational actuator. A step is considered with the leading leg touching down at
the position of (0,0). The trailing leg starts from the position of (—Lgep, 0), where Ly,
is the step length.

q, =7m/2 —atan(x./y,) and q,=m/2—atan((xc+Lgep)/y.), Where
Lyp is the step length. Each leg contains two parts, namely the actu-
ator part (length of d; and d,) and spring-damping unit part (length
of d;3 and d,). During the DS phase, the system can be described by
the generalized coordinates of xps = [xc,yc7d37d4}T. From the linear
momentum balance of the body mass, we have:

o il - [ine, Snarl[F]-[ule g

where M is the mass of the body, F; :—<kd3—cd3d3) and

Cos q,
sinq,

F, = f(kd4 - cd4d4> are the forces in Legl and Leg2 respectively,

andk and c are the stiffness and damping value of the legs, respec-
tively. The spring-damper unit is at resting length (dsord, = 0) at
heel-strike and toe-off. In our model, the spring-damping force is
calculated with the Hunt-Crossley contact force model (Hunt and
Crossley, 1975), rather than the Kelvin-Voigt model (for example

F1 = —(kds + cd3)). This is because the Kelvin-Voigt model suffers
from the problem of discontinuous force at the beginning and the
end of contact due to damping (Flores and Lankarani, 2016;
Pappalardo et al., 2016), while the Hun-Crossley model ensures zero
contact force at the resting length.

We have four DOFs in DS phase but only have two equations of

motion (EOM) as in (1). The second derivatives of spring length ds
and d, are controlled by the leg actuators and theoretically can be
any values as the legs are massless. Thus, we also include d'3 and d'4
as our design variables in the optimization process and in this way

. . 9T
we can obtain the system states ([xc,x‘c,yc.,y’c,d3,d;,d4,d4] ) by

w T
integrating [X'C, y'c,dg,d4] . During the SS phase, the generalized

coordinates are Xss = [xc,yc,d3]T. We still have two EOMs same as

(1) only with F, = 0. Thus we include d; as the design variables
in order to simulate the system forward.
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2.2. Optimization implementation

Given a certain combination of model parameters (M, k, c, and
maximal leg length L) and specified gait parameters (velocity
v and Ly, ), there would be innumerable methods of controling
the model to achieve a periodical gait. Thus an optimal control
problem is formulated to search for an “optimal” gait. The opti-
mization objective consists of two parts: the energy cost (J,,) com-
puted from mechanical work performed by leg actuators and the
generalized force cost (J;) which is expected to penalize high rates
of force generation (Rebula and Kuo, 2015). A weight « is used to
adjust the influence of each cost in the total objective. Therefore
the objective function (J) to be minimized is defined as:

J=QQ =0y + oy (2)

o= [ (i< ) o

Jr= \//OT <‘F"1\2 + (F;f)dr 4)

where Ty, is the time of a step. Humans perform positive and neg-
ative mechanical work at different efficiency (Margaria, 1976) and
b; equals to 0.25 if F;-d; > 0 and 1.20 if F; - d; < 0, i = 1, 2. Further
implementation details can be found in Supplemental Materials.

2.3. Comparison between model predictions and experimental data

Nine subjects (weight=69.7+8.23 kg, height = 1.74+0.06 m)
were recruited to walk freely on an instrumented treadmill (Bertec,
USA) at three speeds (1, 1.25, 1.5m/s). The experiment was
approved by the Committee of Ethics of Zhejiang University and
all subjects signed informed consent prior to the testing. GRFs were
recorded at 1000 Hz and filtered with a 4th order Butterworth filter
with a cut-off frequency of 20 Hz. The gait events are recognized
using GRF and step length is calculated from the position of reflec-
tive markers attached on both heels at heel-strikes. The average
body weight, leg length, and step length at different speeds are
used as parameters for the model (Table 1). GRFs are normalized
with respect to body weight and averaged to obtain the mean GRFs
across all subjects for comparison.

The simulation results of each optimization trial are compared
with the experimental measurements. Here we use GRF as the rep-
resentative feature of walking patterns and calculate the correla-

Table 1

tion coefficient between model predictions and empirical data as
the index of resemblance (Rebula and Kuo, 2015).

2.4. Model evaluation

In this actuated dissipative spring-mass model, the selection of
three major parameters (k, c and o) will lead to different optimiza-
tion results. To examine their influence on the gait solution, we
first test each individual parameter separately and control the
other two parameters using parameters listed in Table 1 at the
speed of 1.25 m/s. Gait characteristics such as profiles and the
maximal value of the vertical GRF (Fg_ma), Stance time
(Tstance = Tstep + Tps), and energy cost (J,,) are analyzed and com-
pared with respect to the change of the parameter. We further
manually tune these three parameters based on the observed
impacts of each parameter and seek for parameter sets that
achieve GRF visually close to the measured profiles at three differ-
ent speeds.

3. Results
3.1. Effects of the stiffness

We tested 20 stiffness values ranging from 5 x 103to 1 x 10°N/m
(Table 1). For simplicity, the damping value is set close to zero (to
avoid zero power input) and the objective consists only of the energy
cost (o = 0). Vertical GRF from 5 representative stiffness values are
shown in Fig. 2(A ~ E). It's observed that the GRF profiles changes
from a one-peak shape, to a double-peak shape, then to a
multiple-peak shape with an increase in k. The GRF profile is closest
to the experimental results at a stiffness of 2 x 10* N/m, with a cor-
relation coefficient of 0.969 (Fig. 3A). Additionally, with an increase
of stiffness values, the energy cost (J,,) tends to slowly increase but is
always at a low level (all less than 20 ], Fig. 3B). However, the stance
time significantly decreases (from 0.687 to 0.513, Fig. 3C) while the
maximal vertical GRF increases from 1.054 body weight (BW) to
2.680 BW (Fig. 3D).

3.2. Effects of the damping

20 damping values, ranging from 0 to 6 x 10% Ns/m? (Table 1),
are examined with a stiffness value of 2 x 10 N/m and a weight
of zero (o« = 0). With the increase of damping, the first peak in
the vertical GRF tends to increase while the second peak will
decrease, as shown in Fig. 2(F ~ ]). The GRF also tends to get flatter,

Parameters used in simulation trials. Body weight, leg length, (L., from the trochanter to the ground) are measured before experiments. The equivalent pendulum length of the
body can be taken as 1.20Lg (Hof et al., 2005) and thus we use the maximal leg length of (1.2L, + 0.1) in optimization. Step length is calculated from the position of heel markers
at heel-strikes and the mean values at each speed are used in simulations. Three major model parameters are tested individually with the other two controlled at the speed of
1.25 m/s. A small damping value is used when testing stiffness and objective to ensure a non-zero energy cost.

Body weight (Kg) 69.7
Maximal Leg length (m) 1.21
Velocity (m/s) 1.00
Step length (m) 0.53
Conditions Testing stiffness

Stiffness k (N/m) 5x10%to 1 x 10
Damping ¢ (Ns/m?) 100
Weight o 0

1.25 1.50

0.62 0.69

Testing damping Testing weight
2 x 104 5x 10%
0to6x10%" 100

0 0to1°

3 20 values were used: 5 x 10%,1 x 104, 1.5 x 10%,2 x 104, 2.5 x 104 3 x 10%, 3.5 x 10% 4 x 104 4.5 x 10%,5 x 10% 5.5 x 10%, 6 x 10% 6.5 x 10%,7 x 10% 7.5 x 10% 8 x 10%,

8.5 x 10%, 9 x 104, 9.5 x 10%, 1 x 10°.

b 20 values were used: 0, 1 x 10%, 2.5 x 10%, 5 x 10%, 7.5 x 10%, 1 x 10%, 1.25 x 10%, 1.5 x 10%, 1.75 x 10%, 2 x 10%, 2.25 x 10%, 2.5 x 10%, 2.75 x 104, 3 x 10%, 3.25 x 10%,

3.5 x 10% 3.75 x 10% 4 x 104, 5 x 10% 6 x 10%.

¢ 20 values were used: 0,1 x 10%,5 x 10%,1 x 10°,2.5 x 10,5 x 10°,7.5 x 10°,1 x 104,2.5 x 1045 x 10%4,7.5 x 1041 x 103,25 x 10,5 x 103,7.5 x 10>,1 x 10

25%x102,1x10",5x 107, 1.
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Fig. 2. The predicted vertical GRF at each trial with the experimental GRF shown for comparison. (A-E) are trials to test the stiffness where k =5 x 10°, 1 x 10%, 2 x 10%,
3 % 10* and 5 x 10* N/m respectively. (F-]) are trials to test the damping where ¢ = 0,5 x 10%, 1.5 x 10%, 2.5 x 10* and 5 x 10* Ns/m? respectively. (K-O) are trials to test the
weight where o =0, 7.5 x 1074, 1.5 x 107, 2.25 x 10~% and 1.0 respectively. The average experimental GRFs are shown in black lines with the shaded area showing +1
standard deviation. Lines in blue, green and red are GRFs predicted in each condition. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

especially around the mid-stance. However, the correlation coeffi-
cient slightly decreases with increased damping (Fig. 3A). Large
damping values result in significantly higher energy cost (increase
from 1.090] to 61.352 ], Fig. 3B). A slight increase of stance time
and maximal vertical GRF can also be found in Fig. 3 C-D.

3.3. Effects of the weight in objective

20 wt values, ranging from 0 to 1 (Table 1), are examined with a
stiffness value of 5 x 10°N/m and a damping value of 100 Ns/m?.
With an increase of weight value, the vertical GRF changes from
three peaks to double peaks and then to a single peak (Fig. 2
(K~ 0)), with the highest correlation coefficient of 0.963. Larger
weight values result in higher energy cost and longer stance time
(Fig. 3B and C). The change of weight introduces a rapid change
of maximal vertical GRF when « is around 2.5 x 10~# (Fig. 3 D).

3.4. Achieving more human-like walking patterns

As shown in Fig. 4, by tuning these three parameters, we can
achieve very similar vertical GRF to experimental measurements,
at all three walking speeds, with correlation coefficients of 0.983,
0.982 and 0.966 for 1.0, 1.25 and 1.5 m/s, respectively. For exam-

ple, with the parameter set at 1.25m/s (k=5 x 10%, ¢ =2 x 10*

and o =22 x 107*), the length of the spring-damping unit and
actuator are shown in Fig. 5. The excursion of the actuator is much
larger (0.041 m) than that of the spring (0.017 m). The profile of the
spring and leg forces also show a double-peak shape similar to the
vertical GRF. The profiles of leg power are also similar to those
observed from experiments in literature (Donelan et al., 2002).

4. Discussion

In this paper, we introduce a spring-damping mechanism to the
minimal biped model and propose an actuated dissipative spring-
mass model that can achieve more human-like GRF patterns. This
model contains three parameters representing three elements in
the model: the stiffness, the damping, and the objective function.
These three elements all help to achieve human-like GRF and have
distinct effects.

Elasticity exists in human structures, such as muscle tendons,
and various studies have verified the importance of elasticity in
human walking and running (Alexander, 1992; Geyer and Herr,
2010). When setting ¢ close to 0 and o = 0, the energy cost is
always close to zero: indicating the optimizer will largely take
advantage of the energy-conservation as also observed in
(Srinivasan, 2010). The increased number of peaks in GRF may be
explained by the higher natural frequency along with the increase
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Fig. 4. Vertical GRFs that have the highest correlation coefficients with the experimental measurements in our examined trials for walking speeds (A) 1 m/s, k = 4 x 10%,
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body center of mass are computed from GRF and are shown in (D-F). The experimental GRF and trajectories are shown in black with the area of &1 standard deviation.
Predictions are shown in blue, green and red color. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of stiffness. Higher stiffness also results in larger peak GRF and the minimal biped model, which gives high force at mid-stance.
shorter stance time (Fig. 3). With little energy input from the leg As a result, the combination of the spring mechanism and minimal
actuators, this model performs analogously to the SLIP model biped model can achieve “normal” magnitudes in GRF profiles.

and shows large peaks and a deep trough in the vertical GRF Without using a spring mechanism, some previous models in
(Fig. 2C and D). This feature can compensate for the drawback of literature converge to impulsive walking patterns when optimizing
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Fig. 5. Predicted walking pattern with a high correlation coefficient at 1.25 m/s. (A) the body trajectory, (B) actuator length, (C) spring length, (D) leg forces and (E) leg power

are shown in a step cycle.

mechanical work (Hasaneini et al., 2013). Some other models
choose different optimizing objectives such as torque to avoid
the impulsive walking pattern (Martin and Schmiedeler, 2014).
More complex models that contain muscles as actuators already
include the springy structure. For example, the commonly used
Hill-type muscles contain elastic elements in their model
(Ackermann and van den Bogert, 2010; Miller, 2014; Song and
Geyer, 2015). Indeed, optimizing energy cost in their models no
longer shows an impulsive pattern. With a proper objective func-
tion or control, a complex model without the spring mechanism
may replicate human walking patterns. However, the spring is still
a simple and effective element in achieving human-like walking.

Adding a damping unit to a spring means there will be energy
loss along with the length change of the spring, making the model
dissipative. The damping unit shouldn’t be used in periodical walk-
ing, when there is no actuation to compensate for energy loss of
damping, as in the SLIP model. A significant influence of damping
is changing the relative size of the two peaks in the vertical GRF.
When the damping is zero, the first peak is of similar magnitude
or smaller than the second peak (Fig. 2F). With an increase of
damping, the second peak reduces and the trough gets shallower.
Interestingly, the damping value has little impact on the stance
time and maximal vertical GRF (Fig. 3). It’s unclear whether the
actual GRF peak difference in human walking is truly related to
the damping since other human structures such as shaped feet
and different muscles may also account for the difference.
Although there is no damping element In classic Hill-type muscles
(Robertson et al., 2013), the force-velocity property of the muscle
itself may behave as a damping property (lower force at higher
shortening velocity).

The objective function plays an essential and influential role in
this optimization-based biped model. Since human walking is
found to be largely governed by energetics, humans tend to walk
in a manner minimizing energy cost (Ralston, 1958; Donelan
et al, 2001). However, in springless models, optimizing the
mechanical work usually gives an impulsive walking pattern

(Srinivasan and Ruina, 2006; Hasaneini et al., 2013), which is unre-
alistic as human can only generate finite forces. When stiffness and
damping elements are included, as in our model, purely minimiz-
ing the energy cost (o = 0) does not give predictions close to exper-
imental results. In this case, the vertical GRF still displayed large
peaks. Adding a cost from the leg forces’ second derivative, as used
in (Rebula and Kuo, 2015), can help to reduce the excessively large
peak forces and the number of peaks (Fig. 2), resulting in very sim-
ilar GRF profiles as observed in experiments. Larger weight value
will reduce the number of peaks and increase the stance time
(Fig. 3C), opposite to the effect of stiffness value. Even though
the real objective of a human is unclear, we infer that a human
may not desire a large force variation rate.

By tuning these three model parameters, this simple model can
achieve human-like GRF patterns, verifying our hypothesis that
combining the SLIP model and the minimal biped model can reach
a more human-like walking model. This model can help us to fur-
ther understand fundamental biomechanics of human walking.
The simplicity is advantageous for examining the function of indi-
vidual parameters and makes it easier to even manually tune the
model, which could be much harder, or even impossible in highly
complex muscular-skeletal models. This new model may also
change some understandings of human walking from previous
models. For example, the stiffness values that achieve human-
like GRF pattern are much higher than those identified based on
spring-damper models (Zhang et al., 2000) or SLIP models (Kim
and Park, 2011). We believed the values found in this paper may
be more rational and close to the real values of elastic components
in the body since actuators were not included in those models.
Besides, the experimentally measured stiffness of elastic compo-
nents in human legs is also quite high. For example, the stiffness
of Achilles tendon is around 1.3 x 10° N/m according to measure-
ments in (Kubo et al., 2007). The computed optimal gastrocnemius
tendon stiffness is also around 1.5-5 x 10° N/m (Lichtwark and
Wilson, 2008). Indeed, it should be noted that the stiffness in the
model is a combination of all elastic components in the leg rather
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than a specific structure, which may be hard to measure or
compare.

Although the model-predicted GRF matched well with the
empirical results, some limitations still exist. This model is a
much-simplified abstraction of a human and thus some character-
istics of human walking cannot be achieved by this model. For
example, telescope actuators are set along the legs and the non-
axial force, which may produce considerable work (Maykranz
et al., 2013), are neglected. With the massless legs and zero leg-
swing cost, the step length cannot be optimized. Energy-related
gait features such as the preferred walking speed and preferred
step frequency may not be realized (Saibene and Minetti, 2003)
as discussed in Supplementary Materials. The exact biological
sources of the stiffness and damping in our model are still unclear.
Therefore, further interpretation of this model should be made
cautiously. Other objective functions may achieve even better per-
formance and could be further explored. The constraint of maximal
leg length may also affect the optimization solution quantitatively.
In the comparison process, we used the average GRF profiles of
multiple steps and multiple subjects at each speed as the reference
for comparison. However, during human walking, variations
between steps and individual differences are omitted and may
need to be considered in future work.
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