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Abstract. There is a growing interest in assistive wearable devices for laden walking,

with applications to civil hiking or military soldiers carrying heavy loads in outdoor

rough terrains. While the solution of full powered exoskeleton is known to be heavy and

energy consuming, recent works presented wearable light-weight semi-passive elements

based on elastic springs engaged by timed clutches. In this work, we theoretically study

the dynamics of a five-link model of a human walker with point feet. We propose a

novel mechanism of a spring and two triggered clutches, which enables locking the

spring with stored energy while the device’s length can change freely. For a given gait

of joint angles trajectories, we optimize the spring parameters and clutch timing for

minimizing the metabolic energy cost. We show that a cleverly designed device can,

in theory, lead to a drastic reduction in metabolic energy expenditure.

1. Introduction

The use of wearable mechanical devices for assisting human walking and load carrying

has become an attractive challenge of engineering research and development over the

last decade [1, 2]. Powered exoskeletons have been developed, either for rehabilitation

and stroke recovery [3, 4, 5], enabling upright walking of disabled persons [6, 7, 8],

or for assisting legged mobility of healthy humans [9, 10]. The latter case has several

potential applications for geriatric assistance [11], or for hikers, combat soldiers [12] and

maintenance crew carrying heavy loads in rough outdoor terrains [13, 14, 15, 16]. Such

anthropomorphic powered exoskeletons with rigid structure are known to be heavy and

consume a large amount of energy, which must be supplied by carried batteries, thus

limiting long-range untethered mobility in outdoor terrains [17]. On the other hand,

recent works in biomechanics and bio-robotics research communities have presented

several light-weight wearable assistive devices which operate passively, or require only

low-power triggering activation [18, 19, 20]. Most of these wearable devices rely heavily

on elastic springs which are used in order to store and release energy, borrowing

inspiration from the role of elasticity in biological legged locomotion [21]. In particular,
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the recent work [22] has demonstrated a remarkable reduction of the metabolic energy

expenditure during walking by using an extension spring for assisting the ankle joint at

foot push-off. Another related implementation is the use of elastic suspension for load

carrying [23], with various applications such as handle mechanisms [24, 25] or legged

robots [26]. Backpack suspension systems have been studied experimentally in [27, 28]

and analyzed theoretically in [29, 30], proving possible reduction in energy expenditure,

both theoretically and experimentally.

Many of the wearable assistive devices mentioned above include triggering elements

such as clutch, brake, or ratchet-pawl mechanism [31, 32, 33]. Such elements are

commonly used for engagement and disengagement of the spring [22, 34], while other

devices use triggering for changing the stiffness of elastic joints or at foot contact

[35, 36, 37]. The fully-passive exoskeleton in [38] uses clutch-brake elements for

locking the knee joint during single-support ballistic motion. While the concept of

clutch-triggered elastic devices has been proven to improve energy efficiency in [22],

no systematic analysis of the influence of timing the clutch triggering on the motion

dynamics and energetics have been conducted. Moreover, the existing spring-clutch

mechanism in [22] only enables engagement or disengagement of the spring, and does

not involve a locked state of the spring with stored potential energy.

The goal of this work is to conduct optimization of such a wearable device by

using a simple theoretical model. We propose a novel concept of a spring-clutches

mechanism which enables locking the spring with stored energy while the device’s length

can change freely, and then releasing the stored elastic energy at a desired stage of the

motion by re-engaging the spring. We use a simple five-link model of human bipedal

walking is sagittal plane. Trajectories of gait kinematics obtained in [39] are used for

theoretically analyzing the effect of the spring-clutches mechanism on metabolic energy

expenditure, as defined in the formula of Margaria [40, 41]. We use distance and energy

plots for guiding the selection of clutch triggering times between different states of the

spring, and conduct numerical optimization of the spring’s properties, triggering times,

and geometric structure of the device, for minimizing the metabolic energy cost. Our

theoretical analysis indicates that clever design of the device and tuning its timing can

result in substantial energy saving. This work is motivated by our recent theoretical

results in [42], where we incorporated a timed clutch into the two-mass theoretical model

of [29] for a backpack suspension system.

2. Problem statement

We now introduce the five-link planar model, formulate the metabolic energy cost, and

present our proposed spring-clutches mechanism. The five-link planar model is shown

in Figure 1(a). It consists of two legs with point feet, knee and hip joints, and an upper

link that represents the human’s torso. The lengths li and masses mi of each link are

listed in Table 1 The values are adapted from the model in [39] (up to a scaling factor).

The links are assumed to be thin rods with uniform mass distribution, so that the center
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Figure 1. (a) The five-link model with notation. (b) Schematics of the

proposed spring-clutches mechanism. (c) The five-link model with the spring-clutches

mechanism on the stance leg.

Table 1. Physical parameters of the five-link models

Number i Name Mass mi [Kg] Length li [m]

1,5 shin 4.88 0.38

2,4 thigh 7.90 0.452

3 torso 54.44 0.968

whole body 80 1.80 (upright)

of mass of each link is located at its midpoint while the moment of inertia is given by

Ii = 1
12
mil

2
i . The relative angles at the joints are φi, as denoted in Figure 1(a).

The five-link model moves and makes a step where one foot touches the ground

(stance foot) while the other foot swings forward. While the joint angles change over

time as φi(t), the mechanical torque acting at each joint is τi(t). The mechanical power

expenditure at each joint is given by

Pi(t) = τi(t)φ̇i(t). (1)

The total mechanical work (energy) along a step is obtained as

Wmech =
5∑

i=1

∫ T

0
Pi(t)dt. (2)

Note that mechanical power Pi(t) can be negative at some parts of the motion, leading

to reduction in total energy. While this is feasible for motorized joints with energy

regeneration capabilities, it is not practical for muscle activity where one has to consider

metabolic work instead of mechanical work. This is done by considering Margaria’s

formula [40] which assumes different mechanical efficiencies for positive and negative

work:

Wmet =
5∑

i=1

∫ T

0

Pi(t)

ηi(t)
dt, where ηi(t) =

{
0.25 Pi(t) ≥ 0

−1.2 Pi(t) < 0
. (3)
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Table 2. States of the two-clutch mechanism

Clutches states I - free I - engaged

II - free A. free B. active spring

II - engaged C. spring locked D. rigid

free motion connection

That is, positive mechanical work involves muscular energy efficiency of 25%, while

absorption of negative work requires positive muscular work with ”efficiency” of 120%.

Therefore, the desired action of a passive wearable spring-based device is to store energy

during phases of negative power and release it during phases of positive power, in order

to reduce the metabolic energy expenditure of muscles. With this aim in mind, we

propose the spring-clutches mechanism detailed below.

The proposed mechanism is shown in Figure 1(b). It contains an arrangement of

a linear spring with stiffness k and free length lo and two clutches (I and II) that can

trigger between engaged and free states. Clutch I is connected in series to the spring,

while clutch II is connected in parallel to it. The device thus has four different states

(A,B,C,D), which are summarized in Table 2. State C of clutch I free and clutch II

engaged is of crucial importance, since it means that the spring is locked and stores

potential energy, while the endpoints of the device can move freely. This enables

separation between phases of energy storage and release, which is a main difference from

previous works such as [22] where stored energy had to be released immediately. This

device can be connected to the biped model as shown in Figure 1(c). The main objective

of this work is to find the parameters of the device’s geometry, spring properties, and

clutch timing in order to minimize the metabolic energy expenditure along a step, as

analyzed in the next section.

3. Analysis

We now analyze the motion of the five-link model. We first introduce our reference

trajectory of joint angles. Then we formulate the dynamic equations of motion and

compute the mechanical and metabolic energy expenditure. Finally, we explain the

operation principle of our proposed spring-clutches mechanism.

3.1. Gait kinematics

The kinematics of the walking gait is adapted from the work of Ames et al in [39]. They

have experimentally obtained motion measurements of several human subjects during

steady-state periodic walking on a treadmill. Then the data has been projected onto

the five-dimensional joint space of the model shown in Figure 1(a). Since the data

analysis in [39] involved averaging across several subjects, the trajectories contained

some small non-uniformities such as penetration into the ground, and asymmetries

between consecutive poses of double-stance contact. In order to correct these deviations,
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Figure 2. The chosen gait from [39] for the five-link model: (a) Joint angle trajectories.

(b) Motion snapshots.

we have made slight modifications to the trajectories and then smoothened them by

cubic spline interpolation. The resulting reference trajectories of the five joint angles

are shown in Figure 2(a), while motion snapshots of the model along a single step are

shown in Figure 2(b).

3.2. Formulation of the dynamic equations

We now present formulation of the dynamics of the five-link biped model. For

convenience, we choose the generalized coordinates q = (θ1, . . . θ5)
T , where θi is the

absolute orientation angle of the ith link. These angles are related to vector of relative

angles at the joints Φ = (φ1, . . . φ5)
T through the linear transformation:

q = WΦ, where W =



1 0 0 0 0

1 1 0 0 0

1 1 1 0 0

1 1 1 1 0

1 1 1 1 1

 . (4)

Using Lagrange’s formulation of kinetic and potential energy (cf. [43]), the dynamic

equations of motion for this five-link model are:

d

dt

(
∂T

∂q̇

)
− ∂T

∂q
+
dU

dq
= Fq (5)

The total kinetic energy T of all links is given by

T =
5∑

i=1

1

2
mi(ṙi · ṙi) +

1

2
Iiθ

2
i

where ri is the position vector of the ith link’s center of mass. The potential energy of

gravity and elasticity (if the spring is active) is given by

U = Ug + Uk =
5∑

i=1

migri · ŷ +
1

2
k (l(q)− l0)2
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Figure 3. (a) Torques at the joints during motion τi(t). (b) Mechanical power at the

joints during motion Pi(t).

where g is the gravitational acceleration, ŷ is the upward unit vector (opposing gravity),

and l(q) is the spring’s length. The term Fq in (5) is the vector of generalized forces

generated by the joint torques. Using kinematic relations for computing the kinetic and

potential energies and substituting into (5), the equation of motion can be arranged in

matrix form as:

M(q)q̈ + h(q, q̇) + g(q) + k(q) = W−Tτ , (6)

where M(q) is the system’s matrix of inertia, h(q, q̇) is a vector of velocity-dependent

inertial terms, g(q) is the vector of gravitational terms, and k(q) are elastic forces

due to action of the spring, when it is active. Explicit expression for all elements of

these terms are given in Table 3. On the right hand side of (6), τ = (τ1 . . . τ5)
T is the

vector of mechanical torques at the joints. For the chosen gait q(t) in Figure 2, one

can apply numerical differentiation in order to obtain velocities q̇ and accelerations q̈,

and then substitute into the equation of motion (6) in order to obtain the mechanical

torques at the joints τi(t). For the nominal case without a spring, these torques are

shown in Figure 3(a). Using eq. (1), the mechanical power expenditure at each joint

Pi(t) is then computed, as shown in Figure 3(b). The total mechanical work as defined

in (2) during a step is obtained as Wmech = 45.5J . Note that the expression in (2)

also accounts for negative work, and the initial and final configuration are identical up

to interchanging between legs, and thus have equal potential energy. Therefore, this

mechanical work only reflects the energy losses due to foot impact. On the other hand,

the total metabolic energy expenditure defined in (3), which penalizes negative work,

is obtained as Wmet = 879.7J , which better reflects the realistic value of muscular work

during a step [40].
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3.3. Action of the spring-clutches mechanism

We now explain the periodic action of the spring-clutches mechanism during a step.

The length of the device d(t) changes during motion, see Figure 1(c). We consider

two stages where the spring is active during a step, one for energy storage and one for

energy release. Initially, the device is assumed to be in state C (see Table 2) where

the spring is locked with initial preloading of length ∆ (either positive for extended

spring, or negative for compression), so that the spring’s length is l = lo + ∆, and

the gap b(t) varies freely, see Figure 1(b). At time t = t1, the device switches to

state B and the spring becomes active. At this time, clutch I locks the gap length at

b = d(t1)− (lo +∆). The spring stores energy (in extension or compression) by changing

l(t), until time t = t2, where the device switches back to state C. The spring’s length is

locked at l′ = d(t2)− b = d(t2)− d(t1) + lo + ∆ while the gap length b(t) can now vary

freely. Next, at time t = t3 the device again switches to state B. The spring is activated

at length l′ and the gap length is locked at b = d(t3)− l′. This stage of energy release is

ended at time t = t4, where the device switches back to state C. At this time, the spring

should be locked exactly upon reaching its initial length, for periodicity. This imposes

a constraint on the final time and length:

l(t4) = lo + ∆⇒ d(t4)− d(t3) = d(t1)− d(t2). (7)

Optimization of clutch timing and spring’s parameters for minimzing metabolic energy

expenditure is conducted next.

Table 3. Explicit expressions from the dynamic equations (6)

M11 = I1 + I2 + I3 + I4 + I5 + l1
2
(

1
4
m1 +m2 +m3 +m4 +m5

)
M12 = M21 = I2 + I3 + I4 + I5 + l1l2 cos (θ1 − θ2)

(
1
2
m2 +m3 +m4 +m5

)
M13 = M31 = I3 + I4 + I5 + 1

2
m3l1l3 cos (θ1 − θ3) , M14 = M41 = I4 + I5 + l1l4 cos (θ1 − θ4)

(
1
2
m4 +m5

)
M15 = M51 = I5 + 1

2
m5l1l5 cos (θ1 − θ5) , M22 = I2 + I3 + I4 + I5 + l2

2
(

1
4
m2 +m3 +m4 +m5

)
M23 = M32 = I3 + I4 + I5 + 1

2
m3l2l3 cos (θ2 − θ3) , M24 = M42 = I4 + I5 + l2l4 cos (θ2 − θ4)

(
1
2
m4 +m5

)
M25 = M52 = I5 + 1

2
m5l2l5 cos (θ2 − θ5) , M33 = I3 + I4 + I5 + 1

4
m3l3

2, M34 = M43 = I4 + I5

M44 = I4 + I5 + l4
2
(

1
4
m4 +m5

)
,M45 = I5 + 1

2
m5l4l5 cos (θ4 − θ5) , M55 = I5 + 1

4
m5l5

2

h (q, q̇) =
l1
2

(
(m2+2m3+2m4+2m5) l2 sin (θ1−θ2) θ̇22+m3l3 sin (θ1−θ3) θ̇23+(m4+2m5) l4 sin (θ1−θ4) θ̇24+m5l5 sin (θ1−θ5) θ̇25

)
−l2
2

(
(m2+2m3+2m4+2m5) l1 sin (θ1−θ2) θ̇21−m3l3 sin (θ2−θ3) θ̇23−(m4+2m5) l4 sin (θ2−θ4) θ̇24−m5l5 sin (θ2−θ5) θ̇25

)
−l3m3

2

(
l1 sin (θ1−θ3) θ̇21+l2 sin (θ2−θ3) θ̇22

)
−l4

2

(
(m4+2m5) sin (θ1−θ4) l1θ̇21+(m4+2m5) l2 sin (θ2−θ4) θ̇22−m5l5 sin (θ4−θ5) θ̇25

)
−l5m5

2

(
l1 sin (θ1−θ5) θ̇21+l2 sin (θ2−θ5) θ̇22+l4 sin (θ4−θ5) θ̇24

)


g (q) =

 gl1 cos (θ1) (0.5m1 +m2 +m3 +m4 +m5)
gl2 cos (θ2) (0.5m2 +m3 +m4 +m5)

gl3 cos (θ3) 0.5m3
gl4 cos (θ4) (0.5m4 +m5)

gl5 cos (θ5) 0.5m5

 , k(q) =

 −k
(
l0 + b− 1

2
u1

)
u2
u1

k
(
l0 + b− 1

2
u1

)
u2
u1

0
0
0


u1 =

√
(l1 cos θ1 + l2 cos θ2 + 2h3 sin θ1 − 2h4 sin θ2)

2 + (l1 sin θ1 + l2 sin θ2 − 2h3 cos θ1 + 2h4 cos θ2)
2

u2 = 2h3h4 sin (θ1 − θ2) − 0.5l1l2 sin (θ1 − θ2) + h3l2 cos (θ1 − θ2) + h4l1 cos (θ1 − θ2)
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Figure 4. (a) Contour plot of metabolic energy expenditure as a function of spring

parameters k, lo. (b) Comparison of mechanical (solid curves) and metabolic (dashed)

power at the knee joint for the five-link model, with and without spring.

4. Optimization of spring-clutch mechanism

We now show a series of stages for optimizing the parameter values of the spring-clutches

device in order to minimize the metabolic energy expenditure. While the optimal choices

are obtained numerically, the process is guided by physical intuition, as explained next.

4.1. Optimal spring without clutch triggering

The first step is adding a fully active spring without clutch triggering. We seek

for the optimal combination of spring stiffness k and free length lo that result in

minimal metabolic energy over the given gait. This is done numerically by discretizing

the two parameters over a 50 × 50 grid, within the ranges k ∈ (0, 30000)N/m and

lo ∈ (0.05, 0.83)m, substituting the gait q(t) into the dynamic equation (6), and

computing the metabolic cost according to (3) via quadrature integration. The results

are then interpolated using cubic spline for refinement of the grid resolution to 200×200.

Nominal values for the device’s position are chosen as h1 = 0.5l1, h2 = 0.5l2 and

h3 = h4 = 0.05m, see Figure 1(c). The results are shown in Figure 4(a) as a contour

plot of the metabolic energy as a function of k and lo. The optimal choice, marked

in ’×’, is obtained as k = 17, 000N/m, lo = 0.36m. Figure 4(b) plots the mechanical

(solid curves) and metabolic (dashed curves) power expenditure at the knee joint, with

and without the spring. Note that the power expenditure with spring is lower than

the power without spring at some parts of the motion, and higher at other parts. The

total metabolic energy at the knee joint with the spring is 330.9J . This amounts to

3.75% saving of the knee joint’s metabolic work, and only 1.47% saving out of the total

metabolic energy expenditure of the entire biped model during a step. The main reason

for the poor energy saving is the fact that the time profile of the spring’s energy storage

and release is not synchronized with that of the joint’s mechanical power. This can be

significantly improved by using clutch triggering, as explained next.
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Figure 5. (a) Mechanical power at the knee joint P2(t) as a function of time. (b)

Device length d(t) as a function of time. Decomposition into four time intervals

I1 . . . I4 according to signs of P2(t) and ḋ(t).

4.2. Using energy-distance graphs

In order to examine the best way to trigger the spring’s clutches, one has to study the

time profiles of the knee joint’s mechanical power P2(t), combined with the device length

d(t) during the step, which are given in Figure 5(a) and 5(b), respectively. The time

duration of the step is divided into four consecutive time intervals I1...I4, according to

the sign of the mechanical power and the sign of the time rate ḋ(t), i.e. extension or

compression of the spring. Values of the positive and negative energy areas are given

in 5(a). From the metabolic efficiencies in (3), it is concluded that the desired behavior

of the spring is storing energy at times of negative work (time intervals I2 or I3) and

releasing energy at times of positive work (intervals I1 or I4). However, the conditions

for energy storage or release also depend on the behavior of d(t), or more specifically on

time derivative of the potential elastic energy U̇k(t). Energy storage (release) is possible

only if (l(t)− lo)l̇(t) is negative (positive). From combining the information of Figures

5(a)-(b), one concludes that when the spring is in compression, l < lo, it is possible to

store energy during interval I2, lock the spring, and then release energy during interval

I4. On the other hand, if the spring is in extension, l > lo, it is possible to store

energy during interval I3, lock the spring for the entire phase of foot swing, and then

release energy during interval I1 of the next step. This observation enables obtaining

an ultimate upper bound on possible energy saving, by subtracting the corresponding

areas of negative mechanical work from those of positive work, and then dividing by the

efficiency η which depends on the sign of the total work according to (3). It is found that

the ultimate bound on energy saving for a spring in compression (area of I4 minus area

of I2) is 33.3% of the metabolic work in the knee joint, whereas a spring in extension

can save up to 56.7% (area of I1 minus area of I3). Thus, we conclude that the latter

option of spring in extension is superior for the given gait.
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4.3. Naive selection of clutch triggering times

We now demonstrate a ”naive” selection of the clutch triggering times based on the

time plots of P2(t) and d(t). We use the same spring parameters that have been chosen

in the previous stage, whose values are k = 17, 000N/m and lo = 0.36m. Based on the

observations above, we adopt the option of ”spring in extension”, hence we choose to

use the time interval I3 for energy storage and the time interval I1 of the next step for

energy release. Therefore, triggering times for the energy storage phase are chosen as

t1 = 0.305s and t2 = 0.514s, which are the endpoints of I3. Since lo > d(t1), we are

forced to choose b(t1) = 0, hence the spring is initially in compression for a short time,

rather than extension. Energy release is done at interval I1 of the next step, hence we

choose t3 = 0. The end of this stage is then determined according to the constraint (7)

as t4 = 0.176, which exceeds into the beginning of interval I2. Figure 6(a) plots the

mechanical and metabolic power at the knee joint with and without the spring. The

shaded areas in the plot denote the energy saving relative to the nominal case without

a spring. With these timing parameters, the metabolic energy expenditure at the knee

joint is reduced to 297.4J , which gives saving of 13.5% relative to nominal case without

a spring. The figure clearly indicates that the energy performance of the device can

be further improved if the spring and timing parameters are more carefully chosen. In

particular, the spring’s stiffness k should be increased and the free length lo should be

decreased in order to increase the amount of energy storage and release.

4.4. Optimization of spring and timing parameters

We now conduct a simple numerical optimization of the device’s parameters: spring

stiffness k, initial preload ∆, and switching times of the energy storage stage t1, t2.

For simplicity, the beginning of release stage is kept at t3 = 0, and its end time t4 is

dictated according to the constraint (7). The optimization is conducted numerically by
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discretizing the parameters {k,∆, t1, t2} within a grid of size 40 × 9 × 9 × 9. For each

parameter combination, we obtain the mechanical torques from (6) and intergate the

metabolic power using (3), where the spring activation is determined by its triggering

times and the initial preload ∆. The optimal parameter values are obtained as

k = 76000N/m, ∆ = 0.00625m, t1 = 0.319s and t2 = 0.459. The resulting minimal

metabolic energy expenditure at the knee joint is 196.6J , which gives 42.7% saving

compared to the nominal case without spring. Figure 6(b) plots the mechanical and

metabolic power at the knee joint with and without the device. The shaded regions in

the plot correspond to energy saving relative to the nominal case without the spring,

while the small dotted region corresponds to excessive expended energy. One can clearly

see a drastic improvement compared to the ”naive” selection of triggering times shown

in Figure 6(a). Nevertheless, further improvement can be achieved if one uses a more

refined variation of the parameters while also accounting for the geometry of the device,

as studied next.

4.5. Optimized device geometry

Finally, we examine the influence of adding moderate changes in the geometry

parameters of the device h1 . . . h4, which determine the attachment points of the device

relative to the thigh and shin links, see Figure 1(c). We conduct a combined optimization

of all parameters using MATLAB’s function fmincon for constrained mutli-variable

minimization. The parameters, their chosen upper and lower bounds, nominal initial

guess, and the resulting optimal values are all given in Table 4. Figure 7(a) plots the

mechanical and metabolic power at the knee joint with optimized device, compared to

the nominal case without the spring. The shaded regions in the plot correspond to energy

saving relative to the nominal case without the spring, while the small dotted region

corresponds to excessive expended energy. The resulting metabolic energy expenditure

at the knee joint is 181.4J , which gives 47% saving compared to the nominal case without

spring. This gives a significant improvement of 7% in energy saving due to allowing

bounded changes in the locations h1 . . . h4 from their nominally chosen values. A sketch

of the five-link model with the energy-optimal geometry is shown in Figure 7(b). Note

that the optimal values of h1 . . . h4 shown in Table 4 were found to be at their upper

or lower bounds. The values of these bounds were chosen arbitrarily in some moderate

range, so that the device’s dimensions do not exceed too much beyond the body in

a way that may cause discomfort. This suggests that the energy performance could

be improved further if one imposes precise practical considerations on the mechanical

and ergonomic design of the device’s geometry, which are beyond the scope of this

work. Finally, we note that the numerical optimization algorithm has been observed to

be somewhat sensitive with respect initial guesses, and converged to slightly different

values with small differences in the energy cost. The chosen solution given above reflects

the best result out of several initial guesses, but should be regarded as a local optimum

only. A systematic search for a provably global optimum, which might be a complicated
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Table 4. Numerical optimization of device parameters - summary

parameter k [N/m] ∆ [m] t1 [s] t2 [s] h1 h2 h3 [m] h4[m]

lower bound 1000 -0.01 0.289 0.438 0.35l1 0.35l2 0.02 0.02

upper bound 120,000 0.05 0.375 0.524 0.65l1 0.65l2 0.08 0.08

initial guess 110,000 0.006 0.31 0.48 0.5l1 0.5l2 0.05 0.05

optimum 35,300 0.018 0.289 0.479 0.649l1 0.35l2 0.08 0.08
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Figure 7. (a) Mechanical (solid) and metabolic (dashed) power at the knee joint

P2(t) as a function of time, under optimized geometry, spring and timing parameters,

compared with the nominal case without spring. Shaded regions correspond to energy

saving. Small dotted region denotes excessive expended energy. (b) Sketch of the

five-link model with the energy-optimal device geometry

task with extensive run-time requirements, is also beyond the scope of the current work.

4.6. Discussion

We have conducted a series of optimization stages of spring properties, clutch timing,

and geometric locations. Energy saving performance in each optimization stage are

summarized in Table 5. It can be seen that the concept of adding the spring and

clutch triggering can lead to a significant reduction in metabolic energy expenditure.

Nevertheless, the table indicates that our best optimization result still reaches only 83%

of the ultimate bound for energy saving with an extension spring, obtained by assuming

perfect storage/release of all available/required mechanical energy in the plot of Figure

5(a). Additional improvement might be possible if one relaxes the periodicity constraint

(7) on the release time t4, which is required for returning the spring’s length to its initial

value. This relaxation might be possible if the device can be returned to its original

state during an ”unused” phase. Since this consideration relies on specific details of

mechanical implementation of the clutches mechanism, it lies beyond the scope of this

work.
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Table 5. Summary of optimization stages and energy performance

stage energy at total energy % saving % saving

knee joint [J ] at all joints [J ] knee joint of total

no spring 343.8 879.7

spring without 330.9 866.8 3.75% 1.47%

clutch timing

naive timing 297.4 833.3 13.5% 5.3%

optimal spring 196.6 732.5 42.8% 16.7%

+ timing

optimal geometry 181.4 717.3 47.2% 18.5%

+ spring + timing

ultimate saving 148.7 684.6 56.7% 22.2%

(extension spring)

A rather hypothetical way for improving energy performance of the device, which

is based on the energy-distance graphs in Figure 5, is to use an arrangement of two

devices in parallel, one with a spring in extension and one with a spring in compression.

This will enable storing energy at both time intervals I2, I3 and releasing them at I4, I1
respectively, leading (theoretically) to doubled energy saving, whose practical realization

might be questionable. Finally, another idea is designing or choosing a nonlinear spring

with a pre-specified energy profile. Using the gait characteristics in Figure 5, one can

construct curves of the potential energy function Uk(l) of a nonlinear spring that will

achieve best fit with the desired energy profiles. Note that the potential for mechanical

realization of a spring with desired nonlinear behavior must be given careful practical

consideration. Thus, this extension also remains as an open challenge for future work.

5. Conclusion

We have theoretically investigated the use of a spring-clutches mechanism with timed

triggering for reducing the metabolic energy cost during human walking. We introduced

a simple five-link planar model and used kinematic data from motion measurements

[39] combined with dynamic equations of motion, in order to obtain the mechanical

and metabolic power expenditure at the joints. We introduced a novel concept of a

two-clutches mechanism and a linear spring, which enables free motion while the spring

is locked with stored elastic energy that can be released at desired stages of the motion.

We have presented a series of stages for planning and optimizing the spring properties,

clutch timing, and device geometry. The results show a significant reduction in metabolic

energy expenditure. This proves that the proposed concept of optimizing a clutch-spring

wearable device is theoretically feasible and has a promising potential.

We now briefly discuss some limitations of our theoretical analysis and suggest

possible directions for future extensions of the research. First, our five-link planar
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model with point feet is obviously an overly simplistic description of human motion.

Future generalizations must also account for the foot contact transitions, as well as

3D lateral motions. An immediate extension to a seven-link model that includes ankle

joint and a rigid foot based on Winter’s classical model [44] is currently under our

investigation. This model will enable analysis and performance optimization of a device

mounted around the ankle joint as in [22], which cannot be studied using our current

point-foot model. Second, our model considers a known fixed kinematic trajectory and

a massless device, and does not account for situations where the device’s inertia and

caused discomfort lead to changes in the gait. Third, our analysis uses the simplistic

formula of Margaria [40, 41] for metabolic energy, and future extensions should include

more detailed models of muscle activation dynamics and energetics (cf. [45, 46]).

While our analysis studies the spring-clutches mechanism only theoretically,

its mechanical design and realization of the triggering mechanism actuation are of

fundamental importance and have significant influence on the practical value of this

proposed concept. The performance of such a device must be assessed by conducting

walking experiments with measurement of metabolic energy expenditure on human

subjects under various loading conditions. Finally, a long-term vision of this project is

designing of a system for automated optimal tuning of the device based on personalized

motion measurements of the walking gait.
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