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Abstract: The variable stiffness exosuit has great potential for human augmentation and medical
applications. However, the model of the variable stiffness mechanism in exosuits is far from satisfac-
tory for the accurate prediction and control of friction force. This paper presents a friction prediction
model of a variable stiffness lower limb exosuit, verifies its prediction performance, and identifies
its applicability. The friction force model was established by the Coulomb friction hypothesis. The
equivalent coefficient, which is the core parameter of the model, was determined based on friction
and squeezing force data obtained by tests and an ANSYS simulation. Experiments show that the
prediction error of the proposed model can reach 15% with a proper structural dimension change
constraint. The friction force control test showed that the achieved model can shorten the settling
time of the step response by 26% and eliminate the steady-state error. Verifications indicate that
the proposed method can provide guidance to the modeling of other friction/stiffness structures,
especially friction-based wearable robot structure models and predictions.

Keywords: wearable robots; variable stiffness; prediction model

1. Introduction

Wearable robots, such as exoskeletons and soft exosuits, have received a considerable
amount of attention in recent decades due to their significant potential for human function
augmentation, rehabilitation training, and missing limb replacement [1]. As such, these
robots are widely used in the military, medical, and industrial fields. Most exoskeletons
made of rigid materials and joints have a high level of stiffness, accurate movement, and
effective control. However, they are usually heavy and bulky [2–5]. In contrast, soft
exosuits made of soft materials and mechanisms are light and compliant and exhibit
better portability and human interaction flexibility. However, in some cases, such as the
rehabilitation training of apoplectic patients [6] and human function augmentation of
industrial workers [7], wearable robots require a stable support or additional joint buffer.
Therefore, the development of variable stiffness wearable robots, particularly soft exosuits,
is of great importance [8–10].

According to the realization principle of variable stiffness, wearable robots can be
classified into three types: functional material-based [11–18], vacuum-based [19–27], and
friction-based [28–30]. In particular, functional material-based type robots have obvious
advantages in terms of volume and weight, and a shape memory alloy (SMA) is the most
frequently employed functional material in the variable stiffness structure design [11,12].
Liu et al. [13] proposed a soft gripper with variable stiffness based on an SMA, which could
grasp objects with a low level of stiffness and hold objects robustly with a high level of
stiffness and a high degree of compliance. Experiments demonstrated that the stiffness of
a single finger could be enhanced 18-fold. Another SMA-based soft gripper with variable
stiffness was presented by Wang et al. [14]. By introducing the variable stiffness mechanism,
the maximum grasping force increased. Yin et al. [15] constructed a fiber array muscle
for a soft finger with variable stiffness by combining a composite fiber and an SMA. This
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model had good adaptability, a reduced sectional area, a compact structure, and a balance
between large deformations and high loads in actuating. The shape memory polymer
(SMP) is another functional material that is frequently applied to the variable stiffness
structure design [16]. Yang et al. [17] designed novel soft robotic fingers operating SMPs to
vary the stiffness. Variable stiffness and position feedback were both achieved through 3D
printing of the SMP material. Chenal et al. [18] designed a variable stiffness fabric made
from SMP and SMA. A soft finger joint exosuit made from the fabric was able to keep
the fingers in the required position or allow the finger joints to move, as demonstrated
in experiments. Thus, although the functional material-based type robot shows unique
advantages, such as lightness and compliance [15,18], it has shortcomings, such as a long
response time and low stiffness range, and still needs to be improved [12,17].

The emergence of a vacuum-based jamming mechanism provides an alternative for
achieving variable stiffness in wearable robots [19]. Vacuum-based jamming can be catego-
rized into two types: granular [20,21] and layer jamming [22–27]. Choi et al. [20] proposed
a soft wearable robot for wrist support with a variable stiffness mechanism based on granu-
lar jamming. The maximum support force and the variable stiffness response time reached
19 N and 2 s, respectively. Hauser et al. [21] constructed an obedient and soft wearable
robot (JammJoint) by applying granular jamming to vary the stiffness. It is noteworthy that
the JammJoint demonstrated excellent portability and automation. However, the maximum
bending torque in the experiments was only 1.6 Nm, making it difficult to support and
buffer human knee joint motion. In contrast, a variable stiffness structure based on layer
jamming has also been investigated by many researchers [22–25]. A variable stiffness
exosuit based on layer jamming was proposed by Ibrahimi et al. [26], where the exosuit was
utilized to maintain a supportive function and improve the comfort of the patients while
sitting. A novel, soft, and multi-degree freedom layer jamming mechanism was proposed
by Choi et al. [27]. In this model, variable stiffness could be achieved, and a large resisting
force could be yielded in multiple directions. A higher stiffness and output force were
achieved by layer jamming rather than granular jamming [26,27]. However, the variable
stiffness structures based on layer jamming also tended to increase the volume and weight
of soft exosuits and make the stiffness control more difficult [27].

Functional material-based and vacuum-based robots have difficulty in achieving
a wide range of stiffness changes through a quick response using a light and compact
mechanism, thus limiting their applications in most dynamic and heavy-duty situations,
such as the lower limb exosuit [17,20]. Compared with these types of models, the friction-
based type variable stiffness robot exhibits a natural superiority in terms of its controllable
range and response time [28–30]. Miller-Jackson et al. [28] proposed a variable stiffness
method based on friction caused by tubular inflation. They offered a new way to design
exosuits for meeting heavy-duty tasks, such as joint motion buffering and weight bearing.
Li et al. [29] presented a variable stiffness manipulator that could adjust the stiffness
by changing the level of friction between the strips and the honeycomb core. A novel
friction-based variable stiffness lower limb exosuit was designed by Xie et al. [30]. This
has wide stiffness variation, a simple structure, and stiffness control, and can carry out
locking and buffering for the motions of the human knee joint. However, in terms of
friction-based variable stiffness structures, there is still no reasonable computation model
for friction/stiffness prediction [28,30]. As friction/stiffness characteristics rely heavily
on experimentation, accurate control of friction/stiffness requires a massive amount of
experimental data, which is not always possible. Thus, the establishment and verification
of prediction models of friction-based variable stiffness structures are of great importance.

In this study, a friction-based prediction model of a variable stiffness lower limb exo-
suit is presented, its predictive performance is validated, and its applicability is determined.
The study is presented as follows: the working principle used for the variable stiffness
structure is first introduced. Based on Coulomb’s friction law, we then describe the building
of a friction model of the structure and the obtainment of material parameters through
several air tube inflation experiments. Based on the model, the equivalent coefficient for
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friction prediction is determined by ANSYS simulations and several friction tests. Finally,
the prediction and control performances are evaluated, and its applicability is identified
through experiments.

The contribution and features of this study include the following: (1) in the friction
prediction model, the equivalent coefficient is determined by ANSYS simulations, as well
as experimental friction data, which contributes to the prediction of the semi-physical
model. (2) A set of experiments is conducted, verifying the prediction performance and
identifying the applicability of the model. Experimental results show that the model has
a good prediction performance, indicating that the proposed method can provide guidance
in terms of the design, modeling, and control of other friction-based variable stiffness
structures, especially friction-based wearable robot structures.

2. Working Principle of Variable-Stiffness Structure

Figure 1 shows the overall structure and worn state of the soft exosuit. In terms of
driving function, if one of the driving wires is pulled back in the middle part, this exosuit
will assist in the bending or stretching movement of the knee joint. The driving wires made
of steel cable are activated by air cylinders. Two brackets are positioned on the front of
each cylinder to limit the displacement of the outer sheaths and transmit the force of the
cylinders. Thus, driving wires enable the pulling force to be transmitted to the shank. In
addition, the outer sheaths can also guide the driving wires. Air cylinders can be controlled
by two two-position, three-way solenoid valves to alter the moving direction. These valves
act in accordance with the signal from the controller, which is beneficial for controlling the
movement of this exosuit. For the stiffness adjusting function, two air tubes made of silicon
rubber are mounted, along with the two driving wires in two separate through-holes in the
rigid part fixed on the thigh. When the air tubes are inflated by air pressure, the driving
wires are squeezed against the hole wall, which leads to an increase in friction on the
driving wires by the inner hole wall as well as by air tubes. When the air tubes are not
inflated, the driving wires move freely, and the joint bending or stretching is unrestricted.

Figure 2 shows the process of achieving variable stiffness. Only one side of the variable
stiffness structure fixed with the human knee joint is displayed here. In the free state, the
air tube is not inflated, and the joint moves freely; in the friction state, the air tube is
inflated, which squeezes the driving wire and hinders its movement. In other words, the
joint bending will lead to a friction moment caused by this friction force. The magnitude
of this friction moment can be controlled by varying the inflation pressure of the air tube,
which forms the core of the variable stiffness. The relationship between the friction force
and the moment can be achieved easily by T = FR, where T is the friction moment, F is
the friction force, and R is the radius of curvature of the driving wire arc, as shown in
Figure 2b. This shows that the relationship between the friction moment and friction force
is linear on the condition that the value of R is constant. However, when this exosuit is
in working condition, the value of R will change slightly, a process that is uncontrollable.
Using the supporting materials between the steel cable and the leg, the change in R can
be minimized. Therefore, the value of R is assumed to be constant in the analysis. The
core of the prediction model is the modeling of the friction force acting on the driving
wire. Obviously, the inflation pressure of the air tube determines this friction force. Thus,
investing the relationship between the friction force and inflation pressure is the main task
for establishing the friction prediction model.
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Figure 1. (a) Pneumatic circuit and structure diagram; (b) Worn state of the exosuit.

Figure 2. Detailed view of the variable stiffness structure in (a) the free state and (b) the friction state.
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3. Theoretical Model of Driving Wire Friction

It can be seen from the working principle of the variable stiffness structure that the
friction force exerted by both the air tube and inner wall of the hole on the driving wire is
the main parameter that we are concerned with in the friction/locking state. However, as
the friction force is applied simultaneously by both the air tube and inner wall of the hole, it
cannot be analyzed separately. In addition, owing to the small hole diameter of 10 mm, the
squeezing force cannot be measured directly. For the abovementioned reasons, a prediction
model of this friction force is necessary for good stiffness control and the structural design
of the exosuit.

3.1. Modeling Analysis

With reference to Coulomb’s friction law, we hypothesize that the total friction force is
proportional to the squeezing force, and the constant of proportionality is defined as the
equivalent coefficient. Thus, the following equation can be obtained:

F = γN = γ f (P), (1)

where γ is the equivalent coefficient of the model, N is the squeezing force exerted by the
air tube against the driving wire, P is the inflation pressure, and f represents a certain
relationship between N and P, which can be investigated by ANSYS simulations (Ansys
Inc., Pittsburgh, PA, USA). In Equation (1), γ is the unknown variable. Therefore, it is
reasonable to combine the squeezing force determined by ANSYS simulations with the
tested friction force to determine the value of γ. To obtain the friction force, an experimental
platform was built, as shown in Figure 3. As for the squeezing force, the ANSYS simulation
is an easy and efficient method compared to any direct measurement method considering
the narrow diameter of the hole.

Figure 3. (a) Testing platform to measure the friction force; (b) schematic of the testing platform;
(c) local view of the friction force experiment.

3.2. Friction Experiments

The platform for testing the friction force is shown in Figure 3a. Because the exosuit
was too large to be mounted on the testing platform, in order to vary the diameter of the
hole rapidly with a reasonable cost, friction tests were conducted using aluminum tubes
with the same material properties and inner hole wall roughness as those of the upper part
of the exosuit. The aluminum tube was fixed on the testing platform, and the air tube was
placed inside it along with the driving wire, as illustrated in Figure 3b. During testing, the
air tube was first inflated, and the driving wire was then pulled to the right at a constant
speed. Additionally, the friction force and inflation pressure values were measured using
a dynamometer and pressure sensor and recorded by the computer.
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The results of the friction experiments are shown in Figure 4. The curve represents
the results when D is 10 mm, d1 is 8.3 mm, and d2 is 1.6 mm, and the definitions of these
parameters are shown in Figure 2a. This set of structural parameters is defined as the base
group, which was the initial group employed to determine the equivalent coefficient in
the prediction model. In Figure 4, is shown that the friction force increased almost linearly
with an increasing inflation pressure. The maximum friction force reached 180.49 N when
the inflation pressure was 0.6 MPa. It is known that when the tested radius was 0.10 m, the
maximum friction moment obtained was 18.05 Nm, which indicates that the lower limb
exosuit achieves a wide range of stiffness. This exosuit is capable of performing heavy-duty
tasks, such as the buffering and locking motion of the knee joint.

Figure 4. Results of friction experiments.

3.3. Estimation of the Air Tube Material Parameters

To obtain the relationship between the inflation pressure and squeezing force, ANSYS
simulations must be conducted. However, the air tube material, which is a type of silicon
rubber, should first be studied. The silicon rubber used for air tube fabrication is one
type of a super-elastic material, whose mechanical deformation behavior is nonlinear.
A two-parameter Mooney–Rivlin model, which can simulate almost all silicon rubber
materials, was utilized to build a constitutive equation for air tube deformations. This can
also be applied in the case of 100–150% material deformation. Thus, the squeezing force
can be calculated using ANSYS simulations with this model. The strain energy equation is
as follows:

U = C10 × (I1 − 3) + C01 × (I2 − 3) +
(J − 1)2

D1
, (2)

where U is the strain energy density function, C10 and C01 are material parameters of
silicon rubber, I1 and I2 are the first and second skew invariants of the left Cauchy–Green
deformation tensor, and J is the volume ratio. Commonly, the values of C10 and C01 can be
calculated using the following empirical formula [31]:

E0 =
2.15 × HS + 15.75

100 − HS
, (3)

where E0 is the elastic modulus and HS is the shore hardness value of silicone rubber.
This indicates that the elastic modulus can be determined by the shore hardness value of
silicone rubber.

G =
E0

3
= 2 × (C10 + C01), (4)

where G is the shear modulus. This describes the relationship between the shear modulus
and the elastic modulus of silicon rubber.

C01

C10
= 0.05, (5)
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d =
(1 − 2 × µ)

(C10 + C01)
, (6)

where d is the material incompressible constant, and µ is the Poisson’s ratio. The parameters
in Equations (3)–(6) were used in ANSYS simulations.

Equations (3)–(6) suggest that if the shore hardness value of silicone rubber is known,
other material parameters can also be determined. Therefore, the air tube inflation exper-
iments were designed to obtain the Shore hardness. Figure 5 shows the test circuit and
results of the air tube inflation experiments.

Figure 5. (a) Test circuit of the inflation experiments; (b) results from the inflation experiments.

The shore hardness value of silicone rubber was estimated based on the bisection
method and experimental verification. The bisection method is a highly efficient, accurate,
and easy means of estimating parameters. The shore hardness range of silicon rubber in
this study was found to be 60–70, and this varied slightly with the variation in material
composition. According to the bisection method, the shore hardness values of the air
tube were first assumed to be 60, 65, and 70. These parameters were introduced into
Equations (3)–(6), and the diameters of the air tube at different inflation pressures were
obtained by ANSYS simulations. The test data obtained by varying the diameter with
pressure are shown in Figure 5b. A comparison between the simulations and the tested
results is presented in Table 1. The average error, which represents the average absolute
deviation between the simulated diameter and the tested diameter, was defined as the
stopping criterion for the bisection method. If the average error was less than 0.50%, the
bisection was stopped. Based on the results for the average error, the actual hardness was
between 60 and 65, but both average errors were larger than 0.50%. Then, the hardness
value was assumed to be 62.5, and the calculated average error was 0.46%, which satisfied
the stopping criterion. Finally, the shore hardness value of silicone rubber was determined
to be 62.5.

Table 1. Diameters with different shore hardness values.

P (MPa) 60 Hs 65 Hs 70 Hs 62.5 Hs Test Results

0.1 8.55 8.51 8.47 8.53 8.53
0.2 8.83 8.72 8.63 8.77 8.78
0.3 9.22 8.99 8.82 9.10 9.14
0.4 9.83 9.35 9.06 9.56 9.44

Average error 1.47% 0.87% 2.47% 0.46% -

After the shore hardness value of the air tube was determined, the corresponding
material parameters were calculated using Equations (3)–(6), as presented in Table 2. These
material parameters acted as the basis for a squeezing force simulation using ANSYS,
which was done later.
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Table 2. Material parameters of the air tube.

Symbol HS E0 G C01 C10 µ d

Value 62.5 4.0033 1.3344 0.0332 0.6639 0.498 0.00575

3.4. Squeezing Force Simulation

The plane strain problem analysis method was used for ANSYS simulations, as the air
tube diameter was about 8.3 mm and its length was about 116 mm, meaning that the axial
dimension was much larger than the radial dimension. The model was solved, and the
squeezing force was calculated using ANSYS simulations, as shown in Figure 6.

Figure 6. (a) Air tube deformation simulations; (b) squeezing force simulations.

Figure 6a shows the air tube deformation at different inflation pressures. It was found
that, with an increase in the inflation pressure, the deformation became more and more
evident, and the contact surface between the air tube and the driving wire became larger.
Figure 6b shows that the internal air tube stress became larger as the inflation pressure
increased, and this was mainly concentrated in an area vertical to the contact surface. As
shown in Figure 7, the squeezing force, which represents the vertical component of the
contact force between the air tube and driving wire, was obtained by post-processing
with ANSYS software. Figure 7 shows the variation in the squeezing force versus the
inflation pressure.

The structural parameters of the base group used in the ANSYS simulations and
shown in Figure 7 are the same as those shown in Figure 4. It can be seen that the squeezing
force varied almost linearly. When the inflation pressure was 0.6 MPa, the squeezing force
reached a maximum value of 268.55 N. However, compared with the friction force variation
shown in Figure 4, the nonlinear variation of the squeezing force was more evident.
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Figure 7. Squeezing force obtained by ANSYS simulation.

3.5. Determination of the Equivalent Coefficient

The least-squares method, which has the advantages of good accuracy and high
calculation efficiency, was utilized to identify the equivalent coefficient of the model. The
equation used for the least-squares method was as follows:

minE =
n

∑
i=1

e2
i =

n

∑
i=1

(γNi − Fi)
2, (7)

where E denotes the square sum of error, e denotes the square error, n denotes the sampling
number, and F denotes the tested friction force. Using this method, an equivalent coefficient
of 0.7168 was determined with a relative error of 10.68%.

According to the prediction model, the squeezing force should first be obtained by
ANSYS simulations to predict the friction force for dimensions other than those used in
the base group, and the predicted friction force can be calculated by Equation (1) using the
obtained equivalent coefficient. This acquired model applies to two situations: (1) after
some large structural dimension other than those used in the base group is designed, the
variation law of friction force and its maximum value can be obtained by the prediction
model, which determines whether the structural dimensions have been modified and (2) for
friction force feedback control. As for dimensions other than the base group, the squeezing
force can be obtained by ANSYS simulations. The cubic curve can be fitted to describe the
relationship between the squeezing force and inflation pressure. Using Equation (1), the
relation between the friction force and inflation pressure can be deduced, which can be
applied for feedback control.

4. Verification and Identification of Applicability

After the friction model was established based on the base group, the prediction
performance had to be verified, and the applicability needed to be identified by varying the
structural dimensions. As shown in Table 3, three groups of experiments were conducted.
In the first group, the dimensional values of D, d1, and d2 were proportionally changed
with those of the base group (since the driving wire diameter had to be changed discretely
due to the use of steel cable products, the deviation in the dimensions was less than 10%).
In the second group, the values of D, d1, and d2 were changed proportionally to those
of the base group, and a deviation in the range of 10–20% was used. In the third group,
the values of D, d1, and d2 were proportionally changed to those of the base group with
a deviation of more than 20%.
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Table 3. Pre-set parameters for different experimental groups.

Categories Base Group First Group Second Group Third Group

Test number 1 2 3 4 5 6 7
D (mm) 10 7.5 12.3 8.9 11 12.3 10
d1 (mm) 8.3 6.2 10.2 7.3 9.2 9.2 8.3
d2 (mm) 1.6 1.1 2.0 1.6 1.6 1.6 1.1

Maximum relative
deviation - 5.9% 2.1% 12.0% 10.8% 23.0% 31.3%

Figure 8 shows the prediction performance of the first group. Figure 8a,b show the
results of tests 2 and 3, respectively. The left side shows the predicted friction force (black
curve) and tested friction force (red curve); the right side shows the relative error results.
The maximum relative errors in tests 1 and 2 were found to be −12.00% and −10.16%,
respectively, which indicates that this model has a good prediction performance when the
dimensions change proportionally with a deviation of less than 10%.

Figure 8. Results of (a) test 2 and (b) test 3.

Figure 9 shows the prediction performance of the second group. Figure 9a,b show the
results of tests 4 and 5, respectively. The maximum relative errors in tests 4 and 5 were
−24.96% and 12.45%, respectively, which indicates that this model has a lesser prediction
performance than the previous case when the dimensions proportionally change with
a deviation in the range of 10–20%.
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Figure 9. Results of (a) test 4 and (b) test 5.

Figure 10 shows the prediction performance of the third group. Figure 10a,b show the
results of tests 6 and 7. The prediction model showed an evident deviation across the whole
range. The maximum relative errors in tests 6 and 7 were 188.64% and −92.36%, respec-
tively, which indicates that this model does not have an acceptable prediction performance
when the dimensions change proportionally with a deviation more than 20%.

Figure 10. Results of (a) test 6 and (b) test 7.
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The above analysis indicates that the prediction error of the friction force increased
as the proportional deviation from the structural base dimensions increased. When the
maximum relative deviation was less than 10%, the prediction error was less than 15%.
When the maximum relative deviation was in the interval of 10–20%, the prediction error
was less than 25%. Thus, when the maximum relative deviation was less than 20%, the
friction model had a satisfactory prediction performance. When the maximum relative
deviation was more than 20%, the prediction error was more than 90%, which illustrates
that the prediction model was not useful at all.

To further identify the applicability of the proposed model, the ANOVA method was
applied to test the significance between the base group and other groups, in which the
prediction error was treated as the dependent variable. The results are shown in Table 4.

Table 4. ANOVA results.

Test Number 2 3 4 5 6 7

p-value 0.4663 0.4948 0.9817 0.1003 0.0164 0.0075

As shown in Table 4, the p-values of tests 6 and 7 were less than 0.05, which indicates
that compared with the base group, they were significantly different; thus, the friction
prediction model is inapplicable when the dimension deviation of the structure is higher
than 20%. However, for the other four groups, the p-values were greater than 0.05, meaning
that the friction prediction model is applicable when the structural dimension deviation is
within 15%.

The above friction prediction experiments show that the maximum friction, which
occurred in test 3, reached 300 N, which means that, when the tested radius was 0.10 m, as
shown in Figure 2b, this variable stiffness exosuit can provide a torque of 30 Nm to support
the human body. This is enough to meet the torque requirements (0–40 Nm) of human
knee joint movement [32]. This point suggests that the achieved model could help us to
determine the dimensions of the variable stiffness structure at the pre-design stage.

5. Control System Based on the Model

By applying the friction model and PID control to build a closed-loop control system,
the friction force can be controlled accurately and rapidly. For example, the structure used
in test 5 was utilized to build a closed-loop control system based on the testing platform
shown in Figure 3. The fitted cubic curve of the squeezing force variation with the inflation
pressure is shown in Figure 11.

Figure 11. Fitted cubic curve.

As shown in Figure 11, all data points were mainly located in the cubic curve. The
squeezing force variation law, described by the cubic polynomial and R-square (COD), was
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found to be 0.999, which illustrates that the curve fitting performance was excellent. The
equation is as follows:

N = −1957.4P3 + 2412.8P2 − 251.95P − 7.9531, (8)

According to Equation (1), the variation in friction force with the inflation pressure is
as follows:

F = 0.7168 ×
(
−1957.4P3 + 2412.8P2 − 251.95P − 7.9531

)
, (9)

When a certain friction force is required, an inflation pressure value between 0.2 and
0.6 MPa can be determined. For the friction force of 54.40 N, the calculated inflation
pressure is about 0.26 MPa. Thus, by combining Equation (9) with the PID control, closed-
loop control systems can be built. As a classical control method, PID control can be
applied widely in various systems, having adaptive performance for models with unknown
parameters. It is obvious that three types of the traditional PID control method can be
designed: PID control, PI control, and PD control. The performances of different control
strategies are shown in Figure 12.

Figure 12. (a) The PID control method schematic with and without the proposed model; (b) closed-loop
control method; (c) PD control performance; (d) PI control performance; (e) PID control performance.

Figure 12a shows the principle of PID control. The friction force can be controlled only
by the PID control method, which is as follows:

u(t) = Kpe(t) + Ki

t∫
0

e(τ)dτ + Kd
de(t)

dt
, (10)

where e(t) is the error term, Kp is the proportional term, Ki is the integral term, Kd is the
derivative term, and u(t) is the feedback input value. Kp, Ki and Kd can be determined by
the experimental method.
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Figure 12b shows the principle of the closed-loop control system, which applies PID
to deal with the feedback error. g(t) is the relationship between the inflation pressure and
friction force mapped on the time axis, as follows:

F(t) = g(t) = g(P(t)), (11)

Figure 12c–e shows the application of the PD, PI, and PID control, in which the
horizontal axis is time and the vertical axis is friction force. The black curve represents
the expected performance; that is, a friction force of 54.40 N. The red curve shows the
performance of the control method without the model, and the blue curve shows the
performance of the control method with the model.

As shown in Figure 12c, pure PD control without the model would result in a steady-
state error that cannot be eliminated. However, PD control with the model can eliminate
the steady-state error, where the values of Kp and Kd are the same. The settling time of PD
control with the model was about 4.41 s.

Figure 12d shows that, compared with the PI control, PI control with the model has
a shorter settling time. The settling time of PI control was about 5.73 s, while the settling
time of PI control with the model was about 4.20 s. The settling time was reduced by 26%.

Figure 12e shows that, compared with the PID control, PID control with the model
could reduce the settling time. The settling time of PID control was about 6.17 s, while the
settling time of PID control with the model was about 4.39 s. The settling time was reduced
by 29%. For PI and PID control, the introduction of this model would reduce the settling
time and the performances would be largely the same. For PD control, the introduction of
this model would eliminate the steady-state error. The experimental results illustrate that
PD/PI/PID control with the model could be applied.

The study of the control system showed that the friction model has the potential to
control friction/stiffness and improve the response speed, contributing to its performance
when providing locking and buffering protection for the human knee joint.

6. Discussion

The variable stiffness exosuit has a great potential for human augmentation and
medical applications. Nevertheless, the model of the variable stiffness mechanism in
exosuits is far from satisfactory in terms of the accurate prediction and control of the
friction force. Thus, the establishment and verification of a prediction model of friction-
based variable stiffness structures are of great importance. In this study, we established
a friction prediction model of a lower limb exosuit with variable stiffness, verified its
prediction performance, and identified its applicability. In the model establishment process,
a Coulomb’s friction law hypothesis was employed, in which the equivalent coefficient
was the core parameter to be determined. This coefficient was determined through the
least-squares method using experimental friction force data as well as squeezing force data
obtained by ANSYS simulations.

The least-squares method was used to determine the equivalent coefficient, which
was 0.7168 with an average error of 10.68% for dimensions proportional to the base group.
The acquired model can be used in two situations: (1) when a large structural dimension
other than the base group is designed, the variation law of friction force can be obtained by
the prediction model, which determines whether the structural dimensions are modified
and (2) for friction force feedback control.

Our experiments demonstrate that the friction prediction model has satisfactory
prediction performance, and the closed-loop control provided by this model exhibits
a quick response. It is worth noting that the acquired model could be transferred to other
systems. For example, in soft structures (TJH and TJB) proposed by Miller-Jackson et al. [28],
the acquired model/method can be used to determine the friction coefficient between soft
tubulars, which is beneficial for the precise control of joint bending. Additionally, in
the reconfigurable variable stiffness manipulator presented by Li et al. [29], the friction
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coefficient between the strips and the honeycomb core should be analyzed to improve the
prediction accuracy for the manipulator’s posture.

7. Conclusions

In this paper, a friction prediction model was proposed and verified, and its applica-
bility was determined. The acquired model can provide guidance in the modeling of other
friction/stiffness structures, particularly the modeling and prediction of friction-based
wearable robot structures. Experiments and the ANOVA method demonstrated that the
friction model has satisfactory prediction performance with a friction prediction error of
less than 25% when the dimensions are proportionally varied with a deviation of less than
20%. The prediction error can reach 15% with a deviation of less than 10%. Friction force
control tests showed that the model can shorten the settling time of the step response by
26% and eliminate the steady-state error.

In the future, we will further improve the model’s accuracy and explore its application
in other friction-based variable stiffness applications. In addition, more investigations
need to be conducted on the exosuit presented in this work to evaluate its performance in
providing locking and buffering protection for the human knee joint.
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