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Dear editor,

Stair climbing is a strenuous daily movement that is chal-

lenging for older adults and those with lower limb weakness.

In this study, we describe a novel stairclimbing exoskele-

ton that was designed to help weak-kneed people to climb

stairs and help workers to carry heavy loads up stairs (Fig-

ure 1(a)). The exoskeleton has a hybrid control method

that enables different performances in the stance phase and

the swing phase. A switching controller guarantees the sta-

bility of the transition. Evaluations have showed that the

exoskeleton can produce the torque required for stairclimb-

ing.

Level ground walking and stairclimbing need different

driving powers and joint motion ranges in both the sagit-

tal and frontal planes [1]. During level ground walking, the

knee joint acts as a passive joint, while the hip and an-

kle joints provide the driving forces [2]. In contrast, the

motions during stairclimbing are mainly driven by the hip

and knee joints in the frontal and sagittal planes, respec-

tively [3]. Research on kinetics shows that stairclimbing

requires more torque in the knee joint than that required

during level ground walking, and that the torque of the knee

joint is much larger than that of the other joints [4]. Dur-

ing stairclimbing, the knee joint provides more power and

assistance than the hip joint. Thus, we considered that a

powered knee joint exoskeleton would aid in stairclimbing.

Mechanical design. The robotic knee was designed as an

active joint that helps the exoskeleton robot lift and support

the human body in the stair ascent process. The knee joint

reportedly requires a large amount of driving torque [3, 5].

Thus, if a motor and speed reducer system had been adopted

directly, the mass and size of the driving system would have

been unacceptably large, and so a new approach was needed

to achieve this driving torque. We developed a linkage topol-

ogy mechanism to overcome the contradiction between mass

and driving torque [6]. The mechanical structure is illus-

trated in Figure 1(b). The rotational motion of the mo-

tor can be converted to the linear motion of the nut-slider

through the ball screw, and the rotational movement of the

shank can be transferred from the crank mechanism. A shell

(30 mm thick and 60 mm wide) has been created to contain

the motor, crank mechanism, and other auxiliary devices.

The leg, including the knee joint and the thigh, had a total

weight of 2.9 kg, and the driving torque could be as large as

180 Nm.

The knee joint needs distinct angular displacements and

torque in the stair ascent process compared with level

ground walking [1, 3]. After the foot strikes the stairs, the

joint moment increases considerably to support the body,

while the joint displacement decreases to unbend the stand-

ing leg [4]. The simulation results of the torque and angular

displacement of the joint showed that the proposed linkage

knee joint supplied its largest moment at about 95◦ (Fig-

ure 1(c)), and thus met the requirements of stairclimbing [3].

Hybrid control of the robot. The exoskeleton robot ap-

plied a hybrid controller to fulfill the varying demands in

different walking states. Different control strategies were

used in the two phases (stance and swinging) and during

transition between phases. The walking phase was iden-

tified by embedded contact sensors installed in the shoes.

Each leg of the exoskeleton was treated as a serial robot.

The kinetic equation of the leg was

H(θ)θ̈ + C(θ, θ̇)θ̇ + F (θ)θ̇ +G(θ) = Ta + Tw, (1)

where θ was a vector of the joint displacements. H(θ),

C(θ, θ̇), F (θ) and G(θ) were matrices of the inertia, Cori-

olis force, friction, and gravity force, respectively. Ta was

the torque of the actuator, and Tw was the torque from the

pilot.

• Stance phase. A gravity compensation controller was

applied in the stance phase. The standing model of the ex-

oskeleton was represented by an inverted pendulum model

that regarded the connection between the center of mass and

the supporting foot of the robot as an inverted pendulum

(Figure 1(d)). It was assumed that the connecting bar was

stretchable and had no mass, and the driving force Fg was

treated as the generalized knee torque. It was also assumed
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Figure 1 (Color online) (a) The proposed novel lower extremity exoskeleton with an active knee joint for stair ascent augmenta-

tion; (b) mechanical design of the knee joint; (c) moment analysis of the linkage knee joint; (d) inverted pendulum model in the

stance phase; (e) evaluation of the exoskeleton during stair climbing.

that the human-machine interaction force Fm was a concen-

trated force applied on the simplified center of mass. The

kinetic equation of the stance phase was
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where Sγ = sinγ, Cγ = cos γ, Sφ = sinφ, Cφ = cosφ,

Sα = sinα, Cα = cosα, m was the mass of the simplified

inverted pendulum model, g was the acceleration of gravity,

and α, γ, φ, ϕ were the angles shown in Figure 1(d). To help

the wearer support the body or carry loads, the exoskeleton

robot provided a supporting force in the direction of gravity,

while the wearer only provided small forces to maintain bal-

ance and drive the exoskeleton. Thus, the control equation

was expressed as

Fg cos γ = mg. (3)

The wearer’s trajectory in the joint space was de-

fined as θr . Define ∆θ = θr − θ, ∆θ̇ = −θ̇ and

∆θ̈ = −θ̈. The wearer’s torque was defined as Tw =

Kep∆θ+Ked∆θ̇, where Kep and Ked were positive definite

matrices. Thus, the kinetic equation of the stance phase was

H∆θ̈ + (C +Ked)∆θ̇ +Kep∆θ +∆F +∆G = 0, (4)

where ∆F = (F (θ) − F̂ (θ))θ̇ and ∆G = G(θ) − Ĝ(θ), and

F̂ (θ) and Ĝ(θ) were the estimated values of F (θ) and G(θ),

respectively. In the following parts, we have assumed that

∆F = 0 and ∆G = 0.

• Swing phase. A zero-force following controller was used

to track the motions of the swing leg. Force sensors were

installed on the linkage structure to detect the interactive

forces between the robot and human. The control law was

defined as

Ta = τ −KD θ̇ + F̂ (θ)θ̇ + Ĝ(θ), (5)

where τ was determined as τ = Kpf − Kdḟ , f = Ksp∆θ

were forces from the force sensors in the joint space, and

Kp, Kd, KD, Ksp were positive definite matrices. Substi-

tuting (5) into (1) yields the kinetic equation of the swing

phase as

H∆θ̈ +Kdw∆θ̇ +Kpw∆θ +∆F +∆G = 0, (6)

where Kdw = C + KD + Ked − KdKsp and Kpw = Kep +

KpKsp.

• Switching controller. To guarantee the stability of

the hybrid control method, a switching controller was pro-

posed [7]. The state variable was defined as X = [∆θ,∆θ̇].

Define the time set σ as

σ = {t|t = ts + k1T1} ∪ {t|t = ts + k1T1 + k2T2}, (7)

where s, k1, k2 ∈ Z+, ts was the start time, and T1 and T2

were the base periods in the stance phase and the swing

phase, respectively. The hybrid control law was defined as

Ẋ = φ(t)AstX + (1− φ(t))AswX, (8)

where Ast and Asw were the state matrices of the stance

phase and the swing phase, respectively. From (4) and (6),

Ast =

[

0 I

−H−1Ked −H−1(C +Ked)

]

, (9)

Asw =

[

0 I

−H−1Kpw −H−1Kdw

]

, (10)

where I is the identity matrix. Define φ(t) as

φ(t) =

{

1, t ∈ (ts, ts + k1T1),

0, t ∈ (ts + k1T1, ts+1),
(11)

where ts+1 = ts + k1T1 + k2T2. At the instant when

t = ts + k1T1, the controller switches from the stance to the

swing phase. To enable the wearer to feel little impulsive

force, the exoskeleton must ensure that the control torque

is smooth. Furthermore, at the instant when t = ts+1, the

system switches from the swing phase to the stance phase;

thus, to enable the exoskeleton to support a greater amount

of load, the exoskeleton had to keep its states continuous.

Then, we get

X+(ts + kT1) = SwtX
−(ts + kT1), (12)

X+(ts+1) = StwX−(ts+1), (13)

where Swt and Stw were the switching matrices from the

stance to the swing phase and from the swing to the stance

phase, respectively. Knowing the state at t = ts, we calcu-

lated the following states at the switching times as

X(ts + k1T1) = Swte
(Astk1T1)X(ts),

X(ts+1) = Stwe(Aswk2T2)X(ts + k1T1).
(14)
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Define Adist = Stwe(Aswk2T2)Swte(Astk1T1), and then

X(ts+1) = AdistX(ts). (15)

From the discrete linear Lyapunov theorem, for a positive

definite matrix P , there exists a V (x):

V (X(ts)) = XT(ts)PX(ts). (16)

For ∀ε ∈ [0, k1T1] ∪ [0, k2T2], define M =

max{‖eAstε‖2, ‖StweAswεSwteAstk1T1‖2}; thus for ∀t > ts,

we have

V (X(t)) 6 MV (X(ts)), (17)

∆V = XT(ts)(AT
distPAdist − P )X(ts), (18)

where ∆V = V (X(t)) − V (X(ts)). If all the eigenvalues of

Adist lay within the open unit disc about the origin, V (x)

is decreasing and bounded, which means that the hybrid

controller is asymptotically stable.

Evaluation. The effectiveness of the proposed exoskele-

ton and performance of the hybrid controller were evaluated

with a subject wearing the proposed prototype robot while

ascending stairs with a 30-kg load. The mean movement

angle, moment, and driving power of the active knee joint

are shown in Figure 1(e). The supporting foot left the stairs

at about 45% of the walking gait, after the joint angular dis-

placement had decreased to unbend the standing leg. The

moment of the joint initially increased and then decreased

gradually to support the standing leg. The trend of the

power reflected this phenomenon, and the larger exported

moment from the pilot led to negative power in the swing

phase. During the stair ascent process, the knee can re-

portedly bend up to 75◦, and the moment of the knee joint

can reach 1 Nm/kg [3]. In our experiments, the maximum

bending angle of the knee joint was 85◦ and the maximum

moment was 0.8 Nm/kg. This suggests that the proposed

exoskeleton could compensate for about 80% of the largest

torque needed during stair ascent movement with a load of

30 kg.
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