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Abstract— The human foot arch plays a significant role in
bearing weight, keeping balance, and walking efficiently. In this
study, we present a pneumatic arch support insole (PASI) and
a foot arch stiffness-based dynamic plantar support control to
reduce the metabolic cost of walking. We first obtain the foot
arch quasi-stiffness estimation over the gait phase by conducting
multiple subject experiments. The design and modeling of the
PASI and foot-insole interactions are then discussed. A model
predictive control scheme is presented to dynamically regulate
the foot arch stiffness over the gait phase by using the active
PASI. We validate the system experimentally and conduct multi-
subject walking tests. The results show that dynamic plantar
support control of the foot arch stiffness reduces the metabolic
cost by 7.99% compared to regular walking. In contrast, passive
support without dynamic regulation increases the metabolic cost
by 6.60%. The new pneumatic insoles and dynamic support
method demonstrate promising potential for everyday and
medical applications.

I. INTRODUCTION

The human foot has a complex biomechanism that con-
tains numerous bones, joints, muscles, ligaments, etc. Among
them, the foot arch plays a vital role in bearing the weight of
the human body, absorbing the ground impact [1], distribut-
ing the pressure on the sole [2], and maintaining balance [3].
In the ordinary course of human gait, sustained overloading,
such as prolonged periods of standing, walking, or sports,
can lead to fatigue and flattening of the foot arch and result
in foot injuries and gait disorders (e.g., flat feet) [4]. To
prevent excessive lowering of the foot arch and mitigate the
associated risks of injury, many intervention and assistive
devices were developed to support the foot arch, for example,
foot orthoses [5], [6], orthopedic insoles [7]–[9], and flexible
airbags [10]. The traditional orthopedic insole can ensure
the standard height of the wearer’s foot arch by adding
rigid protrusions under the arch. Such rigid, passive support

This work was supported in part by the NSFC Grant No. U1913601, No.
52175033 and No. U21A20120.

Chenhao Liu and Tao Liu are with the State Key Laboratory of
Fluid Power and Mechatronic Systems, School of Mechanical En-
gineering, Zhejiang University, Hangzhou, Zhejiang 310027 China.
liuchenhao@zju.edu.cn; liutao@zju.edu.cn.

Jingang Yi is with the Department of Mechanical and Aerospace
Engineering, Rutgers University, Piscataway, NJ 08854 USA.
jgyi@rutgers.edu.

Long He is with the Zhiyuan Research Institute, Hangzhou, Zhejiang
310024 China. helong zyy@163.com.

Yijun Zhang is with the Department of Orthopedics, The First Affiliated
Hospital, Zhejiang University School of Medicine, Hangzhou, Zhejiang
310003 China. zhangyijun87@zju.edu.cn.

Xiufeng Zhang is with the Key Laboratory of Rehabilitation Technical
Aids Technology and System of the Ministry of Civil Affairs, National
Research Center for Rehabilitation Technical Aids, Beijing 100176, China.
zhangxiufeng@mca.gov.cn.

does not account for changes in foot arch stiffness and even
restricts the degrees of freedom of the human foot, increasing
the energy cost of running [11]. Moreover, prolonged use
of those passive orthoses may lead to disuse atrophy of
muscles [12]. Furthermore, the structure of the human foot
arch changes with the aging process, resulting in the high
long-term costs associated with custom orthopedic insoles.
In [10], an inflatable airbag was used to achieve flexible foot
arch support, but the air pressure of the airbag remained
constant.

The shortcoming with traditional insoles lies in providing
sufficient support but unable to adapt to the morphological
changes occurring in the foot arch. Indeed, achieving a
balance between these two objectives is intricate due to
the passive nature of the arch. Pneumatic soft actuators
(PSAs) are attractive for this challenge due to their inherent
compliance for human-machine interaction (HMI) [13]. It
is still essential to design an adaptive control strategy that
dynamically adjusts plantar support based on the changing
foot arch stiffness at different gait phases. While studies
of electric motor-tendon wearable systems prioritize phys-
ical HMI and force tracking [14], PSAs still function at
a low-level control such as pressure or position tracking
due to their nonlinearity [15] and difficulty in theoretical
modeling and HMI modeling. The development of analytical
models for PSAs and the HMI models to achieve high-
level control based on human motion’s auxiliary needs or
intentions remain open challenges [16]. Ker et al. [17]
characterized the longitudinal arch of the foot as an elastic
storage-return mechanism. This phenomenon occurs as the
arch undergoes compression and recoil throughout the stance
phase [17], [18]. Understanding the dynamically varying foot
arch stiffness during the stance phase is crucial for designing
and controlling foot orthoses, insoles, and other intelligent
support devices for the lower limb.

This study presents a bio-inspired pneumatic arch support
insole (PASI) and a foot arch stiffness-based dynamic plantar
support control with PASI. The varying foot arch quasi-
stiffness during the stance phase is defined and estimated
through barefoot walking experiments. The overall design
of the PASI and plantar support control strategy is then
presented. Subsequently, a theoretical model for the PASI
actuator is established, followed by a physical foot-insole
interaction model. A model predictive control (MPC) scheme
is proposed to optimize the gait-adaptive force-deformation
trade-off and support control. We conduct extensive exper-
iments to validate and demonstrate the PASI system and
the MPC-based plantar support control by multiple subject
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experiments. The results confirm that providing additional
support for the foot arch with the new PASI device can
effectively reduce walking energy expenditure. The new
dynamic foot arch support system can be used not only in
medical applications for preventing arch collapse and treating
flat feet but also for assisting in everyday outdoor activities
and maintaining balance.

The contribution of this study lies in the integrated novel
control strategy and a soft PASI device capable of dynami-
cally adjusting active assistance to accommodate the varying
stiffness of the foot arch during walking gait. This dynamic
assistance method mitigates uncomfortable interference on
foot movement imposed by the soft actuator, addressing the
shortcomings of traditional supportive insoles. Compliance
with the inherent energy-saving mechanism of the foot arch,
the new control design reduces energy consumption during
walking, enabling wearable applications for foot assistance.

II. FOOT ARCH QUASI-STIFFNESS AND ESTIMATION

A. Foot Arch Quasi-Stiffness

Fig. 1(a) illustrates the foot anatomical structure and
Fig. 1(b) shows the work and energy cyclic profile during
gait phase [18]. The foot arch absorbs energy from the
ground impact when compressed and then returns energy for
propulsion when recoiled, with the dynamic quasi-stiffness
of the foot arch changing constantly.

In this study, the definition of foot arch quasi-stiffness is
adopted from [19]. Quasi-stiffness is defined for a cadaveric
foot as the force applied vertically downward on the arch
divided by its displacement. Measuring the stiffness variation
of the foot arch in vivo is however practically impossible be-
cause the load on the foot arch cannot be directly measured.
According to the basic minimal biped walking model [20],
the ground reaction force (GRF) FGR is considered equal
to the body’s weight on the foot, denoted by FBW . Conse-
quently, similar to [19], we define the instantaneous stiffness
of the foot arch as the ratio of the changes of load applied
to the foot and the foot arch height, that is,

K =
∆FGR

∆h
(1)

where K represents the foot arch quasi-stiffness, ∆FGR and
∆h are the changes of the applied load and foot arch height,
respectively.
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Fig. 1. (a) The shape of the foot and the dynamic arch. (b) Energetic of
the foot arch, including an example of variation of foot arch height and
work done by foot arch during stance phase [18].

(b)

Navicular 

height
Misaligned

force plates

(a)

Fig. 2. (a) The layout of the experimental site with a 10-infrared camera
motion capture system and two force plates. (b) The location of the 6
markers at one foot and the definition of arch height.

B. Quasi-Stiffness Estimation

Five young, healthy subjects (3 males and 2 females, age:
24 ± 2 years, height: 1.72 ± 0.05 m, mass: 65 ± 12 kg)
gave their written consent and participated in the study. This
study was approved by the Medical Ethics Committee of the
School of Biomedical Engineering and Instrument Science,
Zhejiang University (Project identification code: 2021-39).

Fig. 2(a) shows the layout of the human subject exper-
imental site. All the subjects were told to walk on the 6-
meter-long track at a comfortable pace and cadence for five
repetitions. Foot kinematic data and GRFs were recorded to
estimate changes in foot arch quasi-stiffness throughout the
stance phase. Three-dimensional motion data were captured
at 100 Hz using a 10-infrared camera motion capture system,
whereas the GRF were collected synchronously at 1000 Hz
using two 6-dimension force plates. The force plates were
placed in a misaligned position to ensure that a complete
stance phase of each foot was measured. As shown in
Fig. 2(b), a total of 12 retro-reflective markers were attached
to landmarks on both feet of each participant as described
in [21].

All kinematic and GRF data were filtered offline using 8-
point smoothing filters. The foot arch height was defined as
the navicular height; see Fig. 2(b). The stance phase (from
heel contact to toe-off) was defined with a 30 N vertical GRF
threshold. The heel contact phase, plantar contact phase,
and push-off phase were distinguished by the height of the
posterior aspect of the calcaneus and first metatarsal head
with a 20 mm height threshold. All kinematic and kinetic
data were synchronized, and time normalized to stance phase
duration.

Fig. 3(a) shows an example of the load on the foot
arch versus the downward displacement of the foot arch of
one subject. Additionally, in Fig. 3(b), arch quasi-stiffness
exhibits notable dynamics: starting high in heel contact, it de-
creases, reaching a negative value in mid-plantar contact. In
the push-off stage, arch quasi-stiffness sharply rises, peaking
at a breakpoint (due to the change in the displacement direc-
tion). Subsequently, as the gait advances, foot arch stiffness
gradually diminishes until lift-off. A negative arch quasi-
stiffness implies that the foot was in a highly compliant state,
that the foot adapted to the ground contact and absorbed
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Fig. 3. (a) The load on the foot arch versus the downward displacement of
the foot arch of a subject. (b) The variation of the foot arch’s quasi-stiffness
across the stance phase (mean of five subjects and standard deviation).

energy by reducing the arch of the foot. Notably, although
the results in [22] also indicate the negative quasi-stiffness
in the plantar contact phase, this research is the first to report
the continuous stiffness of the foot arch. It exclusively serves
the control design for the following soft robotic device.

III. PASI DESIGN AND FOOT-INSOLE MODEL

Fig. 4 illustrates the schematic of the pneumatic arch sup-
port insoles with embedded systems. The main components
were two flexible bionic actuators attached to the insole and
placed underneath the foot arch. The shape and structure
of the actuator were intended to imitate the physiological
shape of the regular foot’s medial longitudinal arch for a
better fit with the human foot arch. The PASI sensing suite
also included plantar pressure sensors that measure the GRF
and the gait phase, air pressure sensors to obtain the PSA
pressure, and laser ranging sensors attached inside the PSA
to measure the distance to the ground. A microprocessor, a
power module, a set of high-speed solenoid valves, and an
air tank are also included in the PASI.

A. Modeling of the Pneumatic Actuators

The PSA insole was manufactured through lamination
and heat-sealing processes using a double layer of 40D
nylon fabric with thermoplastic polyurethane. Fig 5 shows
the prototype of the PSA and the modeling schematic. To
build a physical model for the PSA, we consider the follow-
ing assumptions: (1) The actuator undergoes a deformation
process from a flat rectangular shape to a wing-shaped
form. (2) There are no elastic energy losses during the
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Fig. 4. Schematic of the the PASI and interconnection among sensors,
actuators and embedded systems.
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Fig. 5. (a) Actuator in inflated state and (b) physical model of the actuator.

deformation process. (3) The lengths in other directions of
the actuator remain constant during the deformation process,
with expansion and contraction occurring only in the vertical
direction.

In order to obtain the PSA output, using the principle
of virtual work and energy conservation, we describe the
equilibrium between output work and input work as follows:

FdH = PdV, (2)

where F is the output force of the actuator, P is the applied
air pressure, and H and V are the height and volume of
the actuator, respectively. Using the expansion geometry, we
obtain

H(θ) =
L0(1− cos θ)

θ
, A(θ) =

L2(θ − sin θ cos θ)

2θ2
. (3)

where L0 represents the middle curve length of the actuator
surface, θ is the central angle of the actuator’s expansion
surface, A is the cross-sectional area during the actuator’s
expansion process, and L is the curve length of any cross-
sectional area. Since the boundary of the actuator is an
irregular curve, we approximate it by a set of arcs, straight
lines, and diagonals (e.g., segments s1, s2, and s3 in the
figure). The internal gas volume V is then expressed as

V (θ) =

∫
Γ

A(θ)ds =
(θ − sin θ cos θ)

2θ2

∫
Γ

L2(s)ds, (4)

where Γ represents the boundary curve. From the above
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calculation, we obtain

F = P
dV/dθ

dH/dθ
= P∆L

cos θ(sin θ − θ cos θ)

θ(θ sin θ + cos θ − 1)
=: f(P,H),

(5)
where ∆L =

∫
Γ
L2(s)ds/L0 is a geometric constant that

can be obtained through the PSA design model. From (5),
we express F as a function of P and H .

B. Physical Foot-Insole Interaction Model

Fig. 6 illustrates the foot-insole interactions. We model the
foot-insole interactions as a mass-spring system, as shown in
Fig. 6(b). The foot arch is considered as a point mass M and
interacts with the ground through the spring with stiffness K.
The height of the PSA actuator from the ground is denoted
by x, and the body weight FGR is applied at the top of the
foot arch.

𝑥(𝑡)

𝐹𝐺𝑅(𝑡)

𝐾

𝐹(𝑡)

𝑃(𝑡)

Foot Arch 

PASI

(a) (b)

𝑀

Fig. 6. (a) Schematic of PASI supporting the arch of the foot. (b)
Mass–spring model of the foot-insole interaction dynamics.

The equation of motion of the foot-insole interaction is
then given by

Mẍ(t) +Kx(t) = FGR(t)− F (t), (6)

where F (t) = f(P (t), x(t)) is the PSA output force given
by (5). Defining the discrete-time state variable x(k) =
[x(k) ẋ(k)]T , k ∈ N, we rewrite (6) as

x(k + 1) = x(k) + Tsẋ(k),
ẋ(k + 1) = ẋ(k)− Ts

M [Kx(k) + f(u(k), x(k))− FGR],
(7)

where u = P is the control input and Ts is the sampling
period. We further write the above dynamics and output into
a compact form as

x(k + 1) = fd(x(k), u(k))
y(k) = hd(x(k), u(k))

(8)

where output y(k) = [x(k) F (k)]T is obtained from sensor
measurments and (5). Note that nonlinear functions fd and
hd in (8) are from the dynamics and foot arch stiffness K
is estimated by the method that was discussed in Section II.

IV. DYNAMIC GAIT SUPPORT CONTROL

A. Control Systems Overview

Fig. 7 shows the overview design of the dynamic plantar
support control. A high-level pressure target generator and
a low-level pressure controller are designed for the PASI.
The high-level pressure target generator consists of a gait
detection algorithm, the arch quasi-stiffness variation model
presented in Section II, a PASI actuator model, the dynamics
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Fig. 7. Schematic of the control systems overview.

of foot-insole interaction, and an MPC scheme. The air
pressure tracking controller is adopted to ensure the pressure
of PASI tracks the desired profile. We discuss each part of
the control design in this section.

B. MPC Design for Support Control

In this study, both assistive force F (t) and the variation
in foot arch height x(t) are considered as design variables.
Both of them are adjusted by the pressure P . Using the
state-space model (8), we consider the output predictive and
control horizon both as H , H ∈ N and the control input set
Uk = {u(k), u(k+1), · · · , u(k+H−1)}. The desired output
at kth step is denoted as yd(k) = [xd(k) Fd(k)]

T , where
xd(t) and Fd(t) are the desired profiles for displacement
x(t) and force F (t).

The MPC is formulated as

min
Uk

Jk =

p∑
i=1

eTy (k + i)Wey(k + i) (9a)

subj. to: x(k + i) = fd(x(k + i), u(k + i)),

y(k + i) = hd(x(k + i), u(k + i)), (9b)
u ≤ u(k + i) ≤ u, (9c)

∆u ≤ ∆u(k + i) ≤ ∆u, i = 1, · · · , H, (9d)

where output error ey(k) = y(k) − yd(k), W =
diag(α1/x

2
max, α2/F

2
max) is the weight matrix, α1, α2 > 0

are designed weights that will be discussed in the next sub-
section, and xmax = supt≥0 x(t) and Fmax = supt≥0 F (t)
are the upper bounds of x(t) and F (t), respectively. In
constraint (9c), u and u are the lower and upper bounds of
the input, respectively. For constraint (9d), ∆u(k) = u(k +
1) − u(k), ∆u and ∆u are the lower and upper bounds of
the input change rate, respectively. We solve the optimization
problem (9) by using sequential quadratic programming
algorithm at the kth time step. The first component of the
solution Uk is applied to the system.

C. Gait-Adaptive Optimization

We propose a gait-adaptive optimization strategy for dy-
namic arch support during the stance phase. When specifying
the desired output xd and Fd, the PASI system should not
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interfere with the natural deformation of the foot arch, while
sufficient assistance is needed at the same time. In this
study, xd is each subject’s normal variation measurement
in arch height from Section II. Fd is derived from our
companion study [23], which is about 15% of the GRF. With
these considerations, we propose the weight adaptation and
adjustment at various gait phases as follows:

α1 =


sin

(
π
2

t−th
tp−th

)
th ≤ t < tp,

1 tp ≤ t < to,

0 to ≤ t < t∗h,

(10a)

α2 =

{
1− α1 th ≤ t < ts,

0 ts ≤ t < t∗h,
(10b)

where t ∈ [0, Tg] is the time in one gait cycle, Tg is the one
gait duration, and th, tp, to, ts represent the time moment
of heel-contact, plantar-contact, push-off, and swing phase
events, respectively, and t∗h represents the heel-contact timing
in the next gait cycle.

When the foot arch is compressed and has negative quasi-
stiffness during the plantar contact phase, the corresponding
actuator needs to be compliant to not interfere with the
compression and energy absorption of the foot arch. There-
fore, the control target is to follow the foot arch’s normal
displacement, even providing insufficient support. When the
foot arch becomes stiff during push-off, the actuator is
inflated to provide support and additional stiffness for the
foot arch to help release energy quickly. Hence, the control
objective is to provide maximal assistance to facilitate the
rapid elevation of the arch. Moreover, the arch stiffness
transitions from high to low during the heel-contact phase.
Hence, the weighting for displacement tracking follows the
sinusoidal curve formula. During the swing phase, the arch is
not under load, and the pressure in the actuator is maintained
constant to prepare for the next heel contact.

D. Low-Level Control and Gait Detection

The PASI was connected to the air tank through a pressure
regulator and 3/2 valves. The inflation speed of the PASI
was controlled by regulating the duty cycle of the solenoid
valve with a 90 Hz PWM signal generated from the MCU
through an isolation power module. A closed-loop control
system with a proportional-integral (PI) controller has been
designed to quickly track the target air pressure. The control
signals z can be obtained by the proportional module (P) and
integral module (I) as follows:

∆z(k) = kp (e(k)− e(k − 1)) + kie(k)
z(k) = z(k − 1) + ∆z(k)

(11)

where e ,kp and ki represent the error signal, proportionality
coefficient, and integral coefficient, respectively.

Accurate GRF feedback from plantar pressure sensors and
precise gait phase detection are crucial for implementing
the PASI and the dynamic plantar support control. We rely
on the algorithms from our previous studies [24], [25] to
achieve real-time estimation of GRF. The heel contact phase,

plantar contact phase, push-off phase, and swing phase
are distinguished by the GRF of the forefoot and rearfoot
measured by the plantar pressure sensors with a 10% body
weight threshold. The accuracy of gait detection has been
pre-calibrated through the motion capture system and force
plates.

Algorithm 1 summarizes the overall execution of the gait
detection and dynamic plantar support control.

Algorithm 1 Dynamic plantar support control
1: Initialization: Obtain the foot arch stiffness variation

model and K,xd, Fd

2: repeat
3: Gait detection and x(k), P (k) measurement feedback
4: Calculate F (k) using (5)
5: Predict {yd(k + 1), · · · ,yd(k +H)} using (8)
6: Calculate α1 and α2 by (10)
7: Solve the MPC (9) and obtain pressure control u(k)
8: Implement u(k) by the PI controller
9: Execute foot arch support

10: until shut down the system

V. EXPERIMENTAL RESULTS

A. Experiments and the PASI Testing

We first present the experiments for the force output
characteristics of the PASI. Fig. 8(a) shows the load tester
for the PASI. Under air pressures ranging from 40 to 200 kPa
with an increment of 20 kPa, the vertical tensile force was
recorded at 30 Hz as the load tester’s upper portion moved
downward at a constant speed (20 cm/min) from zero force
until full compression or 15 mm displacement of the insole,
with five repetitions. Fig. 8(b) shows the three-dimensional
relationship between the PASI’s force, displacement, and air
pressure. The theoretical model then verified the force output
measurements, with an average root mean square error of
12.5 N and 5.7% average relative error. Such model accuracy
is sufficient for PASI-MPC implementation.

We then implemented and conducted the MPC-based
dynamic plantar support control experiments. For the MPC
implementation, we used the following parameters: u = 0,
u = 200 kPa. ∆u = −15 kPa, ∆u = 20 kPa, Ts = 5 ms,

(a) (b)
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Fig. 8. (a) The load tester and the experiment setup of force output test.
(b) The three-dimensional relationship between the force, displacement, and
air pressure of the PASI.
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xmax = 15 mm, Fmax = 1 kN. We also selected the
optimization threshold and PI control gains kp = 0.5 and
ki = 0.02 for the PSA pressure control. The bandwidth of
the pressure tracking controller is 2 Hz, and the rise time
for a 100 kPa increment was around 0.18 s, as tested by the
actuator’s dynamic response tests.

B. Control Systems Performance

Subjects were instructed to traverse the terrain shown in
Fig. 2 five times wearing the PASI system, during which the
pressure, displacement, and force calculations were recorded.
For comparison, a passive support mode was implemented,
wherein the air pressure was maintained at 180 kPa. Ad-
ditionally, the normalized root mean square tracking error
(NRMSTE) of passive and MPC-based dynamic support
were calculated in various gait phases (excluding the swing
phase). The calculation of NRMSTE is given as

NRMSTE =
1

max ∥yd∥ −min ∥yd∥

√∑n
i=1 e

2
y(i)

n
, (12)

where n is the sample number, max ∥yd∥ and min ∥yd∥
are the maximum and minimum values of norm of yd,
respectively.

Fig. 9(a) illustrates the schematic of the gait phase detec-
tion, and Fig. 9(b) shows the target pressure profiles during
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Fig. 9. (a) Gait phase detection. (b) The target pressure profile of the PASI
and tracking results. (c) Target displacement and experiment data. (d) Target
force and experiment data.

TABLE I
NRMSTE OF BOTH CONTROL METHOD IN DIFFERENT GAIT PHASES (%).

Control method Heel contact Plantar contact Push-off

Displacement
MPC 5.2± 0.5 1.91± 0.2 16.5± 5.3

Passive 4.77± 0.6 22.1± 6.6 23.1± 7.9

Force
MPC 27.8± 9.5 38.6± 12.8 7.14± 1.9

Passive 26± 8.4 30.7± 8.1 23.0± 7.6

Control System

Air Tank Pneumatic Arch 

Support Insoles

COSMED K5

Fig. 10. The layout of 6-minute walking experiment.

the passive and dynamic supports (marked respectively as
PS and DS). Figs. 9(c) and 9(d) show the displacement and
force control results of a representative subject, respectively.
Table I lists the NRMSTE values from these experiments.
The results confirmed that the MPC-based dynamic support
control achieved the desired objectives in each gait phase,
particularly following the displacement during the plantar
contact phase and providing assistance during the push-off
phase.

C. Metabolic Walking Experiment

All five subjects continued participating in the metabolic
walking test, as shown in Fig. 10. The metabolic equivalents
(METs) were used to represent the metabolic cost by measur-
ing the oxygen uptake (by gas analyzer K5 from COSMED,
Italy) [26]. 1 MET is defined as 3.5 milliliters of oxygen
per kilogram of body weight per minute, approximately
equivalent to a person’s oxygen consumption at rest with
no activity [26]. An activity with an intensity of 5 METs
signifies that the oxygen consumption during the activity is
five times that of the resting state.

The subjects were first asked to wear the K5 device and
the PASI with the power off to stand still for 6 mins, and
the METs in the standing state were recorded. Afterward,
the subjects were asked to walk on a treadmill at a con-
stant speed (3.6 km/h) for 6 mins [27] wearing the PASI
system. In order to address the effectiveness of the dynamic
support control in reducing metabolic consumption, we de-
signed three experimental conditions, including powered-
off, dynamic support, and passive support condition (with
a fixed 180 kPa pressure). The passive support condition
represents the traditional rigid support insole or orthosis.
The METs of subjects walking on the treadmill for 6 mins
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Fig. 11. METs of one subject in walking experiment with passive or
dynamic support of the PASI.

TABLE II
METS OF EACH SUBJECT UNDER THREE CONDITIONS.

Subject Powered-off Dynamic support Passive support

1 4.25 3.81 4.41

2 3.90 3.68 4.09

3 4.05 3.73 4.07

4 4.12 3.77 4.23

5 3.84 3.56 4.69

Mean 4.03 3.71 4.30

Stand. Dev. 0.17 0.10 0.26

under each experimental condition were recorded. Before the
experiment, all subjects were given sufficient time to adapt to
the system in each supporting condition. The order in which
all the subjects experienced different experimental conditions
was randomized.

We conducted paired two-sided t-tests to compare the dy-
namic and passive supports with the powered-off conditions
and identify which condition exacted a significant change.
Fig. 11 shows the METs of a participant during the 6-
min walking experiment, comparing the passive support with
the dynamic support condition. Overall, the METs in the
dynamic support are lower than those in the passive support
condition, indicating the effectiveness of the PASI and the
MPC design during walking. Table II lists the average METs
in 6-min walking under the three conditions for all subjects.
The metabolic cost under the dynamic support was reduced
by an average of 7.99% compared with the powered-off
condition with a significant difference by two-sided t-test
(p = 0.0009). On the contrary, the metabolic cost increased
by an average of 6.60% under the passive support condition,
but the two-sided t-test did not show a significant difference
(p = 0.15).

VI. DISCUSSION AND CONCLUSION

This study is the first to propose the continuous variation
of foot arch quasi-stiffness during walking and design a
control strategy for dynamic, active assistance. Commenc-
ing with the integration of human-centric factors into the
assistance paradigm, we presented a gait-adaptive model

predictive control based on arch quasi-stiffness variation
for a pneumatic plantar support insole. We first conducted
the experimental estimation of the changing arch stiffness.
The design of the PASI and MPC-based dynamic support
control were then proposed and validated. Further, metabolic
walking tests in five subjects were conducted. The results
confirmed that adjusting the dynamic support of the arch
according to its stiffness variation characteristics can reduce
the metabolic cost of walking.

The implementation of PASI-MPC dynamic support con-
trol generated a reasonable pressure profile, which demon-
strated better tracking of target displacement and assis-
tance force than passive support. Notably, the NRMSTE
for displacement tracking during plantar contact and force
tracking during push-off were significantly lower than those
for passive support (1.91% compared to 22.1% and 7.14%
compared to 23%, respectively). The tracking performance
during the heel contact phase was similar to that of passive
support.

The PASI-MPC regulation on the foot arch that follows
changes in the quasi-stiffness of the arch itself can re-
duce walking energy costs. The metabolic cost of walking
was increased under the passive support condition, which
agrees with the results in [11], except that the latter was
proposed in the running condition. It can be attributed
to the compression of the foot’s plantar fascia, muscles,
and tissues caused by the relatively rigid actuator, which
hinders the energy absorption and release of the foot arch.
It is representative of many conventional rigid orthotics
that provide passive assistance [5]–[10]. However, with the
PASI-MPC development, the foot was switched between
flexibility and rigidity whenever needed without affecting the
arch’s ability to absorb energy in the plantar contact phase
fully, and it provided the necessary stiffness during push-
off. The metabolic cost of 5 subjects under the dynamic
support condition was significantly smaller than that under
the powered-off condition, with a maximum reduction of
10.4%.

This work provides inspiration and reference for designing
and controlling foot orthotics and intelligent assistive devices
for the lower limb. Foot assistive devices should have the
ability of dynamic regulation to assist when the foot turns
stiff and become flexible when the foot needs to absorb
impact. This study also provides a reference value for human-
machine interaction modeling and high-level control with
pneumatic soft actuators, emphasizing the need to go beyond
pressure or position tracking.
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