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Abstract: There is an urgent need for a gait assisting device that simultaneously com-
pensates for the loss of gait function reducing ankle plantarflexion torque and limited
dorsiflexion range of motion (ROM). In this work, a walking assistance is proposed by
using a device with an independent link attached on the ankle joint. We investigated the
effect of the independent link on ankle joint torque and the assisted motion range via
analysis. The results of the analysis revealed that the proposed device could assist patients
with limited ankle dorsiflexion ROM and low plantarflexion strength simultaneously. For
patients with mild dorsiflexion ROM limitation of the ankle joint (7° or more), it was found
that walking within the limited ROM is possible and that a large assisting torque is possible
by front side link assistance. The ankle torque load can be reduced by 60% under the
conditions of this work. For patients with severe ankle dorsiflexion ROM limitation (2°
or more, 6° or less), it was found that walking within the ROM was possible and that
torque assistance is possible by back side link assistance. The ankle joint torque load can be
reduced by 30% under the proposed conditions in this work.

Keywords: biomechanics; gait assistance; ankle motion; assisting devices; design; analysis

1. Introduction
Among the various daily activities, walking is important to maintain quality of life

and to realize good physical and mental health [1]. Therefore, many wearable walking
assisting devices have been developed to enable users with impaired gait function (due to
aging or diseases) to walk as desired in their daily lives [2]. Human walking is achieved
by the joints of the entire body working together. In particular, the ankle joint plays an
important role in human gait by generating propulsive force, landing impact absorption,
and ensuring stability [3].

The following four characteristics are repeated in human gait. Phase A with both feet
on the ground, Phase B with only the right foot on the ground, Phase C with both feet on
the ground, and Phase D with only the left foot on the ground.

When focusing on the ankle joint in Phases B and D, where only one foot is on the
ground, the ankle joint must be able to generate a large plantarflexion torque (plantarflexion
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is the ankle motion to lower the toe from standing position) to push off strongly against the
ground. For a person weighing 60 kg, a slow gait requires approximately 60 N·m while a
fast gait requires approximately 90 N·m as pointed out in [4]. However, this function can
be impaired by aging or diseases such as diabetes [5] and stroke [6]. Therefore, exoskeletal-
type walking assisting devices have been developed to compensate for the loss of ankle
plantarflexion muscle strength [7,8].

In phases B and D, the range of motion (ROM) of the ankle joint should be large along
the direction of the dorsiflexion (dorsiflexion is the ankle motion to lift up the toe from
a standing position). According to a study that measured ankle joint angles at different
gait speeds, the ankle joint dorsiflexion angle required is at least 10° [9]. Moreover, an
angle of 15° is required in the case of a slow gait speed. However, the dorsiflexion ROM
of the ankle joint sometimes becomes smaller owing to aging, diseases such as stroke
and diabetes, fractures, and sprains. For example, the ankle joint dorsiflexion ROM of
a stroke patient in the knee extended position is approximately 0°. This value increases
by approximately 2.4° after 6 weeks of rehabilitation [10]. However, it is clearly less than
the 15° required for low-speed walking. A symptom of limited ankle dorsiflexion is toe
walking [11], which results in a shorter step length and slower gait motion [12]. In addition,
limited ankle dorsiflexion ROM can cause problems in joints aside from the ankle joint.
For example, limited ankle dorsiflexion ROM increases the strain on the knee and hip
joints [13,14]. In diabetes, limited ankle dorsiflexion ROM increases the toe ground reaction
force and consequently causes toe ulceration [15]. The application of forces around the
ankle joint to assist dorsiflexion motion is possible using an exoskeletal walking assisting
device. However, this requires a large torque and limited ankle dorsiflexion can result in
pain in the joint if it is forced [16].

This work considered that a patient with limited ankle dorsiflexion ROM would walk
in a posture different from that in the case of normal gait. The concept of allowing a
patient with limited ankle dorsiflexion to achieve a suitable gait posture was inspired by
a treatment method referred to as “heel lifts”, wherein shoes with a thick heel portion
of the sole are used [11]. Heel lifts are a common method used in clinical practice when
soles of an appropriate height should be used. This is because excessively high soles place
stress on the knee joint [17]. In heel lift therapy using shoe soles, the heel is lifted passively
even during the gait when there is no effect of limited ankle dorsiflexion ROM. However,
it is possible that heel lifts with less burden could be realized if an appropriate amount
of heel lifting is performed actively at the required instant using robotics assistance. In
addition, heel lifts cannot provide assistance for the ankle plantarflexion muscles that
push off the ground after heel release. Moreover, plantarflexion muscle assistance is often
required in patients with limited ankle dorsiflexion, such as in stroke patients who require
plantarflexion muscle to increase their walking speed [18]. Therefore, there is a need for a
walking assisting device that compensates for the loss of gait function owing to reduced
ankle plantarflexion torque and limited ankle dorsiflexion simultaneously. For this need,
a new walking assisting device is proposed by using an independent link attached to the
lower legs. The purpose of this work is to investigate the effect of the independent link on
ankle joint torque and ROM analytically and to obtain knowledge useful for the realization
of ankle assisting devices from a mechanism point of view.

2. Existing Device and the Proposed Assisting Device
An exoskeleton-type walking assisting device and the support method of “heel lifts”

were considered from a mechanical perspective, together with the functions required for
a walking assisting device in order to design a new ankle assisting device. The proposed
exoskeletal walking assisting device uses an actuator to drive the link between the frame
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attached to the lower leg and the foot frame, as shown in Figure 1a. This may realize the
required goal torque through the sum of the human ankle and actuator torque, as shown in
Figure 1b.

Figure 1. Torque assistance for ankle joint: (a) Exoskeletal assisting device; (b) expected result torque.

In this paper, such an assistance method is referred to as “torque assistance”. Assis-
tance torque increases the force with which the toes push off the ground, and this ground
reaction force becomes the force that lifts the lower leg. This results in both the force and
torque acting on the lower leg. Although the ratio of the force and torque that an assisting
device should generate may vary depending on the walking posture to be realized, assisting
devices must be designed considering both the force and torque acting on the lower leg.

The use of heel lifts reduces the maximum ankle dorsiflexion angle and allows the
user to walk using only the available ROM of the ankle joint. In this method, shoes with
a thick heel portion of the sole are used, as shown in Figure 2a. The thickness of the heel
portion of the shoe sole varies depending on the symptoms. However, it is approximately
20 mm [17]. Consequently, the ankle joint angle is offset along the plantarflexion direction,
as shown in Figure 2b.

Figure 2. Ankle ROM assistance by heel lifts: (a) Heel lifts and (b) ROM assistance definition.

In this paper, such assistance in changing the used ROM is referred to as “ROM
assistance”. However, it is not necessary to offset the ankle joint by the same amount
always, as is the case with the heel lifts, to decrease the maximum ankle dorsiflexion angle.
Offsetting the ankle joint angle only when necessary may decrease the difficulty of walking.
Certain exoskeletons that assist with the plantarflexion torque of the ankle joint also assist
dorsiflexion [19]. The concept of such dorsiflexion assistance involves dorsiflexing the ankle
joint of patients who cannot dorsiflex owing to muscle weakness. However, the concept of
ROM assistance in this work is used to achieve gait posture without dorsiflexing the ankle
joint with limited dorsiflexion by joint stiffness. Currently, there is no gait assisting device
that can assist both reduced ankle plantarflexion torque and limited ankle dorsiflexion
ROM simultaneously.

Based on the problem to realize both torque assistance and ROM assistance simultane-
ously, this work proposes a walking assisting device with an independent link. As shown
in Figure 3, this assisting device consists of an actuator fixed to a frame attached on the
lower leg, and the independent link that the actuator directly pushes on the ground for
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assistance. To maintain left-right balance, the independent link is attached to each side of
the ankle joint. There are two types of link attachment directions: front assistance as shown
in Figure 3a and rear assistance as shown in Figure 3b.

Figure 3. Ankle assistance by independent link of walking assisting device: (a) Front assistance and
(b) Rear assistance.

In both cases, the independent link pushes on the ground, exerting a force and torque
on the lower leg. Torque assistance can be realized by using the independent link to take
over the force and torque that the human ankle joint exerts on the lower leg. In addition, as
the independent link moves independently of the ankle joint, it can push up the ankle joint
without being affected by the ROM of the ankle joint. If the ankle joint height is larger than
normal, the ankle joint angle will be offset along the plantarflexion direction through the
same effect as heel lifts, and ROM assistance can be realized.

The effect of the independent link on the ankle joint torque and angle may vary
depending on the independent link length, whether the link is placed forward or backward,
and the magnitude of the actuator torque. However, it is unknown what parameters can be
used to change human gait posture and joint torque, and consequently, whether there are
parameters that can simultaneously realize torque and ROM assistance. This work aims
to investigate how the structure and control of the assisting device affect human walking
posture and joint torque, and to investigate the possibility of walking assistance using an
independent link attached on the lower leg.

3. Analysis Model
Because of the numerous parameters considered in the analysis of this work, the

analysis time was expected to be excessively long. Therefore, a analysis model that handles
only one step of one foot was made to reduce the computational cost in each walking
analysis. In this section, the following aspects are explained:

• Target phase and human body model for one step in one leg analysis.
• Three examples of analysis.
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3.1. Target Phase for One Step Analysis

In general, the movement immediately after the beginning of walking is not normal.
This is because the walking speed is accelerated. Thus, it is only possible to determine
the feasibility of the gait motion after several simulated steps following the steady gait
motion. However, in this work, we analyze the walking by only a single step by setting an
appropriate initial speed as the boundary condition of the analysis.

In this work, gait was divided into four phases, as shown in Figure 4:

• Phase A with both feet on the ground.
• Phase B with the right foot on the ground.
• Phase C with both feet on the ground.
• Phase D with the left foot on the ground.

Figure 4. Target assisted phase and ankle function of human walking.

The lack of ankle plantarflexion torque and limited dorsiflexion ROM of ankle mainly
affects two phases. These are right ankle during Phase B and left ankle during phase D.
Therefore, the right ankle of phase B is set as the target of the analysis, since phase B and
phase D will be the same motion, only changing right and left. During phase B, the left
lower limb is in the swing configuration. Since the contribution of the swing lower limb to
gait is small, only the stance lower limb was included in the analysis. Then, the weight of
the full body without stance lower limb can be considered as modeled with concentrated
mass at hip point.

However, if the walking analysis was conducted only in phase B, it would be a problem
whether the analysis result would be continuous cyclic motion or not. For this concern,
this analysis was conducted based on the hypothesis that “cyclic walking analysis will be
achieved by the configuration that each four parameters of each analysis are same with
those of normal walking”. The four parameters are hip joint height and hip joint forward
velocity at the time of the initial and final single support phase.

The reason for this hypothesis is as follows. At the time of the initial single support
phases B and D, it is possible for patients with limited ankle dorsiflexion ROM to walk
in the same walking posture as those of normal walking because the ankle dorsiflexion
angle of this phase is small normally. However, at the time of the final single support phase,
it will be difficult for patients with limited ankle dorsiflexion ROM to walk in the same
walking posture as that of normal walking because the ankle dorsiflexion angle of this
phase is large normally. Around the period of the final single support phase, if the pose
change in the stance side lower limb does not influence the motion of the swing side lower
leg, the swing side lower limb can contact the ground in the same pose as normal walking.
If this condition is met, both lower limbs can start from the same pose as each other at every
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step. This means continuous cyclic walking motion will be possible. Mechanically, the left
and right lower limbs were connected with a hip joint. So, the influence of stance on the
lower limb is transmitted to the swing lower limb via the hip. So, this paper focused on the
motion of the hip joint.

Therefore, if the hip motion was equal to normal walking only at the initial and final
points of phase B, phase D would be unaffected by phase B and the gait would be cyclic.
The detailed analysis configuration will be explained in Section 3.3.

3.2. Human Body Model for One Ankle Analysis

In this work, it was assumed that at the stance leg phase B would exert a larger impact
on the analysis results than the leg in the swing phase. Thus, the analysis was limited to
the stance leg. The human body was modeled with a serial planar three-link mechanism
comprising the foot, leg, and thigh. The upper end of the thigh link gave the hip position.
The mass of the left leg and upper body was concentrated at the hip point as a point mass.
The ankle and knee joints were modeled as active joints, and the toe joint was modeled
as a passive joint. The mechanism showed three degrees of freedom (DOF) in the sagittal
plane. However, only two joints (ankle and knee) were controlled, with the toe joint being
uncontrollable giving the feature of the underactuated model. In this model, the posture of
the mechanism was not fixed in one posture even if the position of the hips was determined.
However, it was necessary to use the two DOF active joints to move the passive toe joint
to generate a desired motion. The definitions of joint angles and torques for the analysis
model are presented in Figure 5. The assumed values are listed in Table 1.

Figure 5. Analytical model of human with an assisting link and its free-body diagram: (a) Human
body and assisting link model; (b) upper leg link; (c) lower leg link; (d) foot link; (e) assisting link.

The detailed explanation of these parameters is as follows:

• About point: A, C, D, H, K, and T represent the ankle joint, heel contact point to the
ground, assistance link tip contact point to the ground, hip position, knee joint, and
toe contact point to the ground, respectively.

• Link length: Link TCA, AK, KH, and AD represent the foot link, leg link, thigh link,
and assisting device link, respectively. Links foot, leg, and thigh are called lower limb.
LF, LS, LD represent the link length of the foot, leg and assisting link. GF, GH , GS is the
position of COM of foot thigh leg link. GH is the same point with H. LGF is the length
from T to GF. LGH is the length from K to GH . LGS is the length from A to GS.
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• Mass and Inertia: MF, MH , MS represent the mass of the foot, hip, and thigh, respec-
tively. IF, IH , IS represent the moment of inertia of the foot, thigh, and leg, around the
center of mass of each link, respectively.

• Force and moment: fA is the force acting on the leg from the foot at point A; fAD is the
force acting on the leg from the foot at point A; fK is the force acting on the thigh from
the leg at point K; fT is the force acting on the toe from the ground; fC is the force
acting on the heel from the ground; fD is the force acting on the assisting link from the
ground at point D.
τA is the torque acting on the leg from the foot at point A; tauD is the force acting
on the leg from the foot at point A; τK is the force acting on the thigh from the leg at
point K,

• Angle: θT is the angle between Y axis and line TA. θA is the angle between line AT and
the line perpendicular to line AK. θK is the angle between line AK and line KH.

• Coordinate system: A fixed coordinate system T-XY is defined so that the X and Y
axes represent the horizontal and vertical axes, respectively. The point of origin is T.
So the component of point H is represented as (XH , YH).

Table 1. Static Condition of Walking Analysis.

Parameter Value Parameter Value

θA,lim+ [°] normal dorsiflexion
(positive) limitation 20 θA,lim− [°] normal plantarflexion

(negative) limitation −45

θK,lim+ [°] normal bending
(positive) limitation 130 θK,lim− [°] normal extension

(negative) limitation 0

MF [kg] 0.99 MS [kg] 2.73

MH [kg] 54.3 IF [kg m2] 32.0 × 10−6

IF [kg m2] 237 × 10−6 IF [kg m2] 9110 × 10−6

LF [m] 0.131 LS [m] 0.348

LGH [m] 0.352 LGF [m] 0.067

LGF [m] 0.174 KP,A [N m/rad] 800

KD,A [N m s/rad] 80 KP,K [N m/rad] 300

KD,K [N m s/rad] 30 KP,ground [N/m] 1.89 × 105

Fini [N] 591 Co f f set [m] 0.0031

The mass, moment of inertia and center of gravity of each body segment such as the
foot and lower leg were obtained from statistical data [20]. These are the statistical data of
the ratio of each link to full body mass. The full body mass is 58 kg in this analysis based
on the walking database [21].

The positive direction of the ankle joint was defined as the dorsiflexion displace-
ment from the perpendicular line of the lower leg link according to the standards of the
Japanese Society for Fracture Therapy [22] to facilitate the visualization of the maximum
dorsiflexion angle.

The active joint torques (ankle : τA , knee τK) were formulated by PD control that is
based on the angular deviation between the target joint angle (θA,target, θK,target) and the
present joint angle (θA, θK). First, τ′

A , knee τ′
K were given by these equations.

τ′
A = KP,A

(
θA,target − θA

)
− KD,A

(
θ̇A,target − θ̇A

)
(1)

τ′
K = KP,K

(
θK,target − θK

)
− KD,K

(
θ̇K,target − θ̇K

)
(2)
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with KP,A as the position gain of the ankle joint, KP,K as the position gain of the knee joint,
KD,A as the deviation gain of the ankle joint and KD,K as the deviation gain of the knee joint.
The magnitude of the P-gain was defined based on the literature [23], and the magnitude
of the D-gain was set to 10% of the P-gain set by trial and error to decrease oscillation
like PD parameter tuning of robot. When the difference between the joint angle and ROM
limitation came within θJ = 6°, the following values were substituted for τA, τK in the
equation of motion, assuming that the torque due to the stiffness of the joint works.

τA =


τ′

A + 10KP,A
(
θA,lim+ − θJ − θA

)
if θA > θA,lim+ − θJ

τ′
A if θA,lim− + θJ ≦ θA, θA ≦ θA,lim+ − θJ

τ′
A + 10KP,A

(
θA,lim− + θJ − θA

)
if θA < θA,lim− + θJ

(3)

τK =


τ′

K + 10KP,K
(
θK,lim+ − θJ − θK

)
if θK > θK,lim+ − θJ

τ′
K if θK,lim− + θJ ≦ θK, θK ≦ θK,lim+ − θJ

τ′
K + 10KP,K

(
θK,lim− + θJ − θK

)
if θK < θK,lim− + θJ

(4)

The reaction force when the heel was in contact with the ground was modeled by a
spring model E, as shown in Figure 5a drawn with a blue line. The spring constant KP,ground

as shown in Table 1 was obtained from the gait data [21]. The slope was determined by the
least-squares method from the relationship between the force acting on the heel and the
heel height, and was set as KP,ground. In these gait data, the heel C is already on the ground
at the initial phase B, and the ground reaction force is already active, and the size of the
force is Fini from the gait data [21]. So fC can be as follows.

fC =

(
fC,x

fC,y

)
=

(
0

KP,ground
(
YCini − YC

)
+ Fini

)
(5)

3.3. Constraints for One Foot Analysis

Using this model, the new walking posture for patients with ankle problems was
considered. The shape of walking postures was almost free but some constraints were
given using human walking data [21].

• First, the initial posture and motion of the right lower limb of phase B were fixed to
normal human walking data as shown in Figure 6a. The location and velocity of each
link were fixed. There are two reasons.

– One is that the normal walking posture will be possible at the initial phase B
because ankle torque and ankle dorsiflexion angle at this phase are small values
in normal walking.

– The other is that the normal walking posture at the initial phase B is suitable to
absorb the shock of ground contact impact force because the heel is contacting
the ground and the knee joint is straightened.

So the location and velocity of each link of the right lower limb were fixed to the
normal walking data of the initial phase B. This means the shape of the left lower limb
at the initial phase D should be equal to the shape of the right lower limb at the initial
phase B as shown in Figure 6b because phase D is a copy of phase B.

• Second, the hip position and velocity of the final phase B were fixed to normal human
walking data as shown in Figure 6c. This is because the hip position and velocity
were set as constraints by the initial phase D. Phase C is a very short time and the
hip position cannot change by a lot. By these constraints, at connecting phases B
and D, the analysis result would be cyclic walking. However, only the hip velocity
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perpendicular to the ground was not set as a constraint in this work, because such a
velocity can be canceled easily by heel contacting shock.

Figure 6. Model of analysis boundary conditions with points that should be the same as those
in normal walking. (a) Configuration of right lower limb at the initial instance of phase B.
(b) Configuration of right lower limb at the final instance of phase B. (c) Configuration of left
lower limb at the initial instance of phase D.

3.4. Normal Walking Analysis

The data from file 0094_01_M_72_157_58_BL from the AIST gait database 2019 [21]
were used in the analysis as gait data for healthy subjects. These data represented the gait
of a 72-year-old, healthy male with a height of 157 cm and a weight of 58 kg. The data
included motion capture data sampled at 200 Hz, from which the position data of the toe,
ankle, knee, and hip joints were used. From the ground reaction force data of the left foot,
the section where the floor reaction force becomes zero, the time when only the right foot
is grounded was identified. Consequently, the initial and final of the motion capture data
were identified. The duration of the analysis was determined by the x position of the hip
joint Hx. The analysis was performed from the time when the x-coordinate of the hip joint
Hx is at Hx,ini until it reached Hx, f in. From Reference [21], a set of data of time and joint
position of human walking (ti, Ai), (ti, Hi), (ti, Ki), (ti, Ti) were obtained. From these data,
the angular displacement of each joint (ti, θA,i), (ti, θK,i), (ti, θT,i) was calculated. And the
dataset of (XH,i, θA,i), (XH,i, θK,i) was obtained. These data were used to approximate the
relationship between XH,i and θA,i, or between XH,i and θK,i by fifth-power polynomials
according to the least square method to obtain Equations (6) and (7).

θA,target = −84.9X5
H + 14.9X4

H + 12.7X3
H + 1.43X2

H − 0.650XH − 1.61 (6)

θK,target = 119X5
H − 32.0X4

H − 4.45X3
H + 5.34X2

H − 0.410XH + 0.0528 (7)

The order of the polynomial was set to the fifth order because it is sometimes used
for analyzing walking [24]. The initial velocities at the toe, ankle, and knee joints at the
initial of phase B were provided to the analysis model by human walking data [21], and PD
control was applied during time tini − t f in when the hip position moved from the initial
position of Phase B to final position of Phase B in the gait data.

The results of the analysis are shown in Figure 7 as a function of time. For (a) through
(d), the horizontal axes are time t. The vertical axes represent the toe angle θT , ankle joint
angle θA, knee joint angle θK, and ankle torque τA for a gait. As for (e), the horizontal
axis is the x position of the hip joint Hx. The vertical axis represents the hip y-position
HY for a gait. The results of the walking analysis without assistance are indicated by the
black line. The real human walking data from reference [21] used as control targets are
indicated by the black dotted line. The maximum angle data error of θT , θA, θK is around
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5°. The maximum hip point H error is around 0.01 m. Analysis results almost follow the
human walking data. After this result, all analysis data will be compared to the analysis
result (not actual human data) of Figure 7 to increase the reliability of the analysis result.
The analysis results generally agreed with the gait data, suggesting that the analysis was
performed appropriately.

Figure 7. Data of the walking from database [21] and referring to models in Figure 5 (a) toe angle;
(b) ankle angle; (c) knee angle; (d) ankle torque; (e) hip height.

The representative values from the analysis results are listed in Table 2. The main
consideration from the analysis of the results can be found in the table.

Table 2. Normal walking analysis result data.

Parameter Walking Data Analysis Result

YH f in [m] 1.32 1.3358

˙XH f in [m/s] 0.686 0.7388

θK [°] (min, max) — (4.15, 18.7)

θA [°] (min, max) — (−8.56, 8.42)

fT,Y [N] (min) — 152

• Although the analysis is generally adequate, some modeling errors can be seen in the
position and velocity of the hip joint at point F. For the sake of proper comparison,
only the analysis results will be discussed hereafter.
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• It was confirmed that the joint angles of the analysis results were within the range of
motion of a healthy subject.

• The force acting on the toes was always positive, confirming that the toes never left
the ground.

The analysis model represents the functionality of human gait since the analysis results
could be appreciated well in agreement with natural walking as in [21].

3.5. Walking Analysis with Assisting Device

The assistance torque was generated in two ways: when the tip of the independent
link was grounded forward from the ankle joint and when the tip of the link was grounded
backward from the ankle joint as in the scheme in Figure 8.

Figure 8. Parameter definition of assisting torque generation.

As the contact force at the tip of the independent link must be positive, the assistance
torque acting on the leg was positive when the independent link was on the forward side.
When the independent link was on the backward side, the assistance torque was negative.
The ratio of the pushing ground force of the independent link fD,y to that of the toe fT,y

gave the assistance ratio Rassist. The assistance ratio was ranged from −1 to 1; a positive
assistance ratio indicated a forward side assistance and a negative assistance ratio indicated
a backward side assistance. Thus, the ground reaction force of the link can be expressed as

fD,y =

|Rassist| fT,y if YA < llink

0 if YA ≧ llink
(8)

where YA is the height of ankle joint in Figure 8. Then, the assistance torque can be
expressed using the angle θ of the link to the ground as

τD = − fD,yllinkcosθ (9)

in which llink is the length of the independent link; the length was set in the range of from
0.05 m to 0.2 m.

The assistance conditions in the case of forward assistance are listed in Table 3.

Table 3. Assisting Device Conditions in example analysis.

Parameter Value

llink [m] 0.1

Rassist 0.5

The assistance ratio Rassist = 0.5 and independent link length llink = 1.0 m.
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The results of the analysis are shown in Figure 9. For (a) through (d), the horizontal
axes are time t. The vertical axes represent the toe angle θT , ankle joint angle θA, knee joint
angle θK, and ankle torque τA for a gait. As for (e), the horizontal axis is the x position of
the hip joint Hx. The vertical axis represents the hip y-position HY for a gait. The results of
the walking analysis with assistance are indicated by the red line. For comparison, the
analysis results without assistance are indicated by the black solid line. Since the control
target of the human joint angle remains the same and is described by Equations (6) and (7),
the shape of the graphs of ankle θA and knee θK are almost unchanged from that without
assistance. However, the toe angle θT is changed by the assistance. This is because the
toe was modeled as free rotational joint. By this change in θT , the hip trajectory will be
changed. The result should be checked for if it is appropriate as human walking or not.

Figure 9. Data of the walking from referring to models in Figure 5 with assistance and without
assistance. (a) toe angle; (b) ankle angle; (c) knee angle; (d) ankle torque; (e) hip height.

The representative values of the analysis results are listed in Table 4. The ẊH results
became 0.54 m/s. This value differs significantly from the analysis result of without
assistance, 0.74 m/s. Since the difference in ẊH is undesirable for ensuring the periodicity
of gait, this assist result is classified as inappropriate for walking.

Like this, the appropriate analysis results were chosen from all analysis results. The
appropriateness of the assist as a gait is evaluated by the five items shown in Table 4.
First, the height of the hip position YH f in should be almost the same as the normal walking
simulation results (the error should be below 1 mm in this work). Second, the hip velocity
in the horizontal direction XH f in should be almost the same as the walking simulation result
(the error should be below 1 mm/s in this work). Third and fourth were the requirements
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for the angles of the ankle and knee joint angles. These should not be out of ROM. Fifth was
the requirement to contact the toe to the ground in phase B. It means the vertical component
of the force should be a positive value.

Table 4. With Assisting Device Analysis Result Data.

Parameter Value Requirement Pass/Fail

YH f in 1.3318 1.3358 ± 0.001 Fail

˙XH f in [m/s] 0.5423 0.7388 ± 0.001 Fail

θK [°] (min, max) (4.50, 18.8) (0, 130) Pass

θA [°] (min, max) (−8.56, 7.05) (−45, 20) Pass

fT,Y [N] (min) 158 0 Pass

3.6. Analysis Considering Human Adaptation to Assist

Since humans become accustomed to the motion of assistance, their gait trajectory can
be expected to be different from that before the assistance. As an example, the target gait
trajectory was changed to Equations (10) and (11).

θA,target = −117X5
H + 14.9X4

H + 14.7X3
H + 1.43X2

H − 0.419XH − 1.55 (10)

θK,target = 86.6X5
H − 24.0X4

H − 6.45X3
H + 5.84X2

H + 1.28XH + 0.351 (11)

Equations (10) and (11) are calculated by changing the shape of Equations (6) and (7).
The detail is explained in Equations (14) to (25).

The results of the analysis were shown in Figure 10. It could be noted that the target
trajectory has changed, resulting in a significantly different gait trajectory when compared
to the unassisted trajectory.

The representative values of the analysis results are shown in Table 5. In many studies,
when the target walking posture is not unknown, walking analysis was optimized by
minimizing the objective function. Many kinds of objective functions were used like
deviation from target walking speed [25], muscle tension roughness [25], joint ROM [26],
and specific resistance [25–28]. Specific resistance is the walking energy divided by walking
length. In this work, the target posture was approximated by a polynomial, so the ankle
torque roughness is small. The hip joint location and velocity and joint ROM were checked
in this table. Also, toe force was checked to analyze only the contacting phase. Also,
minimizing walking energy should be considered but this is discussed in Section 4. In this
paper, the condition that all the tables become pass and minimize ankle torque was thought
of as a good adaptation by humans. In Table 5, humans adapted to the assistance well and
were able to pass all the evaluation items. The generation method of human-adapted gait
motion will be explained in Section 4.

Table 5. With assistance and after human adaptation data.

Parameter Value Requirement Pass/Fail

YH f in 1.3353 1.3358 ± 0.001 Pass

˙XH f in [m/s] 0.7378 0.7388 ± 0.001 Pass

θK [°] (min, max) (18.2, 49.7) (0, 130) Pass

θA [°] (min, max) (−8.56, 2.93) (−45, 20) Pass

fT,Y [N] (min) 200 0 Pass
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Figure 10. Data of the walking from referring to models in Figure 5 with assistance and with assistance
after training. (a) toe angle; (b) ankle angle; (c) knee angle; (d) ankle torque; (e) hip height.

4. Method
In this work, the human walking analysis described in the previous section was

conducted several times by changing parameters. This section examines evaluation indexes,
analysis workflow, and the analysis conditions.

4.1. Evaluation Indexes

The analysis results for feasible assisted gait were evaluated based on the following
two evaluation indexes:

• Based on the ankle angle θA analysis results, the maximum ankle joint angle θA,max

was obtained as a representative value of ankle joint angle as

θA,max = maximum(θA) (12)

• The time-integrated ankle plantarflexion torque IA was calculated as a representative
value of ankle joint torque as

IA =
∫ t f in

tini

τA,pdt

when τA,p =

τA if τA ≧ 0

0 if YA < 0

 (13)

where tini is the time of initial of phase B, and t f in is the final of phase B. If θA,max is
sufficiently small, it implies that the patient can walk within his/her ankle joint ROM by as-
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sistance; thus, ROM assistance is achieved. If IA is sufficiently small, the patient can reduce
his/her ankle joint torque by assistance; thus, torque assistance is achieved. Evaluation
indexes were compared in Table 6 for the analysis of normal walking, with assistance and
after human adaptation in Figure 10. In these two examples, after assistance, θA,max became
smaller and it reached 2.93°. It means the patient whose ankle joint dorsiflexion ROM is
2.93° and more can walk with this assistance, also IA become smaller. It means that the
required patient’s ankle torque will be smaller.

Table 6. Evaluation indexes of two examples analyzed in Figure 10.

Parameter Normal Walking With Assistance and After Human Adaptation

θA,max [°] 8.42 2.93

IA [N m s] 19.4 18.1

4.2. Analysis Work Flow

Analysis was conducted for various walking postures of a human for each assistance
condition llink, Rassist in each given ankle dorsiflexion ROM. The work flow of the analysis
is summarized in Figure 11, with the specific procedure as follows:

Figure 11. Flow chart of Analysis Procedure.

1. Human ankle dorsiflexion ROM limitation θA,lim was determined.
2. Assistance conditions llink were determined.
3. Assistance conditions Rassist were determined.
4. IA,min (which is the function of θA,lim, llink, Rassist) was set to +inf means “no result”.
5. One human posture was generated.
6. Walking analysis was conducted and the evaluation indexes θA,max , IA are obtained.
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7. Human can not walk using ankle joint out of ROM. So, if the obtained θA,max was less
than the patient’s dorsiflexion limitation θA,lim, go to the next step.

8. if obtained IA was less than IA, min, go to next step.
9. Of the postures that satisfy these requirements, Humans are considered to walk in

the most comfortable walking posture. IA should be as small as possible. So, IA was
recorded to IA,min.

4.3. Analysis Conditions of Human Joint Control Target

Based on the workflow in Figure 11, the way to determine the value of these four
parameters below is explained: human ankle dorsiflexion ROM limitation θA,lim, assistance
condition llink, Rassist, human walking target pose.

• θA,lim was analyzed with 20 types ranging from 1 to 20°.
• llink was analyzed with 16 types of theta ranging from 0.05 to 0.2 m.
• Rassist was analyzed with 21 types ranging from −1 to 1.
• The target joint angle for PD control was generated as follows.

In the analysis, the hip position moved from point Hini to point H f in. Thus, the target
joint angles were generated as a function of the x-coordinate of the hip position XH . XH

moved from XHini to YH f in . The motion of the ankle and knee joints were PD-controlled to
follow that function in each hip x position. To select a good posture among the various
walking postures, it was necessary to generate many target paths for the ankle and knee
joints. First, the joint angle during walking of a normal subject was assigned as a function
of the x-coordinate of the hip joint, as shown in function F1 in Figure 12.

Figure 12. Functions to generate the joint angle target: F1 joint angles for normal gait; F2 polynomial
approximation satisfying initial conditions; F3 function perturbed by F2.

The conditions required for the target joint trajectory to be generated by F1 were
as follows;

• The target joint trajectory must be a function of the x-coordinate of the hip joint XH .
• The initial angles and angular velocities must match function F1 to satisfy the continu-

ity of the gait.
• The shape of the function should be close to that of the function F1 to generate the

functions efficiently.

To satisfy these conditions, the function F2, which was a polynomial approximation of
F1 considering the need to satisfy the initial conditions for the function F1 was generated.
Further, the function F3, which is a perturbation of F2, was generated by shifting the
coefficients of the function F2. When the degree of the polynomial approximation was n,
θQ (Q = T, A, K) is expressed as follows.

θQ = a0X0
H + a1X1

H + a2X2
H + . . . + anXn

H (14)
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The coefficients of each term, a0∼an were found. Equation (14) should satisfy the
following initial conditions:

θQini = a0X0
Hini

+ a1X1
Hini

+ a2X2
Hini

+ . . . + anXn
Hini

(15)

θ̇Qini = a1X0
Hini

+ 2a2X1
Hini

+ . . . + nanXn−1
Hini

(16)

The initial condition is substituted into Equation (14) and a0, a1 are eliminated to obtain

θQ − θQini −
(
XH − XHini

)
θ̇Qini =

n

∑
i=2

ai

(
Xi

H − Xi
Hini

− iXi−1
Hini

(
XH − XHini

))
(17)

Data (xk, yk), which are from (x1, y1) to (xm, ym), are substituted into Equation (17) to
obtain

θQk − θQini −
(
XHk − XHini

)
θ̇Qini =

n

∑
i=2

ai

(
XH

i
k − Xi

Hini
− iXi−1

Hini

(
XHk − XHini

))
(18)

That can be written as

θ̃Qk =
n

∑
i=2

aiX̃ki (k = 1, 2, . . . , m) (19)

This is written in the matrix form as follows:
θ̃Q1

...
θ̃Qm

 =


X̃H12 · · · X̃H1n

...
. . .

...
X̃Hm2 · · · X̃Hmn




a2
...

an

 (20)

When n − 1 < m, ai does not exist. Then, the pseudo-inverse matrix can be used to
determine the parameters from a2 to an of function F2.

a2
...

an

 =
(

ϕTϕ
)−1

ϕT


θ̃Q1

...
θ̃Qm

 (21)

where X matrix is as follows:

ϕ =


X̃H12 · · · X̃H1n

...
. . .

...
X̃Hm2 · · · X̃Hmn

 (22)

Next, a perturbation ci is applied from a2 to an as follows:

ãi = ai + ci (i = 2, 3, . . . , n) (23)

Finally, by substituting Equation (23) into the initial conditions Equations (15) and (16),
all coefficients of the function F3 are obtained as follows

ã1 = θ̇Qini − 2ã2X1
Hini

− . . . − nãnXn−1
Hini

(24)

ã0 = θQini − ã1X1
Hini

− ã2X2
Hini

− . . . − ãnXn
Hini

(25)
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The order of the polynomial approximation n was set to the fifth order, because it is
sometimes used for analyzing walking [24]. The parameters to be perturbed were four
parameters from a2 to a5 for the ankle and knee joints, respectively. Thus, we obtained a
total of eight parameters.

The conditions of the analysis are summarized in Table 7. The appropriate walking
posture involved 92 × 72 × 52 × 32 = 893025 combinations of perturbations. Including
human ankle joint ROM and assistance conditions, a total of 6 billion walking analysis
were worked out. As this number is excessive, the candidates should be narrowed down
to approximately one-tenth before calculating the dynamics. The y-coordinate of the hip
joint at point F was calculated based on the ankle and knee joint target angles. The values
that deviated significantly from that of a normal gait were eliminated.

Finally, the rate of reduction in the ankle load Rload was calculated by Equation (26).

Rload = IA,min/IA,min,normalwalking (26)

IA,min,normalwalking is IA,min of normal walking in Table 6 and the value is 19.4 [N m s].

Table 7. Parameter Changing Range and Number of Divisions Candidates.

Parameter Number of Candidates Minimum Range Maximum Range

θA,lim [°] 20 1 20

llink [m] 16 0.5 2

Rassist 21 −1 1

c2,K, c2,A 9 −0.53 0.53

c3,K, c3,A 7 −0.54 0.54

c4,K, c4,A 5 −0.55 0.55

c5,K, c5,A 3 −0.56 0.56

5. Analysis Results
Rload is plotted for each assisting condition, as shown in Figure 13. For each figure,

the horizontal axis represents one assisting condition: link length llink and, the vertical axis
represents another assisting condition: assisting ratio Rassist. Each (a) to (e) represents the
difference in the ankle angle condition. (a) shows the analysis results that the maximum an-
kle angle θA,max is 11° and below. It means that patients whose ankle dorsiflexion limitation
θA,lim is 11° and more can use the assistance condition shown in (a). The patients whose
ankle dorsiflexion limitation θA,lim is below 11° can only use some assisting conditions of
(a). In the same way, the patients whose ankle dorsiflexion limitation θA,lim is 9° can only
use the assisting condition of (b); 7° can use only the assisting condition of (c); 5° can use
only the assisting condition of (d); 3° can use only the assisting condition of (e). These
figures are as follows:

• By changing the assistance condition llink , Rassist, the value of Rload was changed,
which means that the intensity of the assistance can be controllable.

• As the patient’s ankle dorsiflexion ROM limitation angle θA,lim becomes smaller from
(a) to (e), the number of dots decreases.

• Focusing on front side assistance (Rassist > 0) for patients with mild symptoms of
limited dorsiflexion ROM (large θA,lim like (a), (b), (c)) it is possible to be assisted by
strong torque (small Rload). However, the patients with severe symptoms of limited
dorsiflexion ROM (small θA,lim like (d), (e)) cannot assisted.
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• Focusing on back side assistance (Rassist < 0), all patients from (a) to (e) can be assisted.
However, the torque assistance effect is not strong compared with front-side assistance
(the minimum Rload of back side assistance is larger than that of front side assistance).

• The red marker represents the best performance data, which represents minimum Rload

value, frontal assistance and rear assistance separately. The best assisting parameter of
each patient is not affected by the dorsiflexion limitation of each patient.

Figure 13. Analysis result of ankle joint torque load ratio Rload in assistance condition space for each
dorsiflexion ROM limitation θA,lim. (a) θA,lim = 11°, (b) θA,lim = 9°, (c) θA,lim = 7°, (d) θA,lim = 5°,
(e) θA,lim = 3°.

The best performance assisting condition is summarized in Table 8. From each graph
of Figure 13, the point of the minimum ankle torque load reduction ratio Rload is picked up;
front assistance and back assistance are separate. For front assistance, the best performance
decreases 48% of the ankle load. This is when llink = 0.11 or 0.12 m, and Rassist = 0.8.
For back assistance, the best performance decreases 24% of the ankle load. This is when
llink = 0.07 m, and Rassist = −1.0. Also, using Figure 13, sensitivity is discussed below.

First, the sensitivity of the different ankle dorsiflexion limitation angle θA,lim is dis-
cussed. From Figure (a) to (c), the best parameter of front assistance is almost not changed.
From Figure (a) to (e), the best parameter of back assistance is almost not changed. This is a
good point as the device parameter does not need to change. However, it also means that
the patients who can dorsiflex large will walk not dorsiflex large with assistance. It may
become over-assisting.

Next, the sensitivity of different assistance parameters is discussed. As shown in the
figure, the red-circled best assistance point is located on the edge of the assistable area.
For example, as for the red circled point of Rassist > 0 of (a), continuous assistance is
possible when Rassist or llink changes to become small. However, assistance is not possible
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when Rassist or llink changes to become too large. It should be considered to not use the
edge parameter in the actual device control. The red circled assistance of Rassist < 0 of
(e), assistance is not possible if Rassist or llink changed to any direction. Human walking
condition detection and feedback should be considered in actual device control.

Table 8. The best performance among Figure 13.

Front Assistance Back Assistance

θA,lim [°] Rload llink [m] Rassist Rload llink [m] Rassist

11.0 0.52 0.11 0.8 0.76 0.07 −1.0

9.0 0.52 0.11 0.8 0.76 0.07 −1.0

7.0 0.52 0.12 0.8 0.76 0.07 −1.0

5.0 No Result No Result No Result 0.76 0.07 −1.0

3.0 No Result No Result No Result 0.76 0.07 −1.0

Patient groups who can be assisted in this work are shown in Figure 14. The horizontal
axis is the patient’s ankle dorsiflexion ROM angle θA,lim and the vertical axis is ankle joint
torque load ratio Rload. In this figure, the assistance conditions llink , Rassist were ignored
and evaluation indexes θA,lim, Rload were emphasized. For example, all plots of Figure 13a
are plotted in the red squared area (a) in Figure 14. The analysis result of unassisted
is indicated by a blue circle marker. The area to the left and below the unassisted blue
marker point is the parameter for which the assistance improves in both evaluation indexes
θA,lim, Rload.

• The existence of a dot in this region indicated that both torque assistance and ROM
assistance could be realized simultaneously.

• For patients with large θA,lim (7° or more), the ankle torque load was able to be reduced
by 60%.

• For patients with small θA,lim (2° or more, 6° or less), the ankle joint torque load was
able to be reduced by 30%.

• Under the assistance condition of this analysis, the assistance can be realized up to
θA,lim = 2◦.

To achieve the performance plotted in Figures 13 and 14 required 70 N m and 12
rad/s for actuator of independent link.

Figure 14. Assist able area in the evaluation index space. Blue triangle is normal walking. All points
of Figure 13a are constrainted on the (a) area of Figure 14. The same applies to (b) through (e).
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6. Discussion
For front assistance, large torque assistance was achieved at about 48%, decreasing

without assistance. However, almost no ROM assistance was achieved. The maximum
ankle angle of the analysis result without assistance was 8.4° but it only decreased to 7°
after the analysis of assistance. This is thought to be due to the link tip contact point.
The link tip contact point of front assistance is almost similar to the toe of a human. This
means that the dynamic effects of the independent links are similar to a human foot. This
mechanism results in the main effect of front assistance sharing torque with the human foot
and an independent link. It is thought that the effect of front assistance will be similar to
an exoskeleton-type walking assisting device. These two types should be compared with
another point. For example, the independent link type does not restrain the human ankle.
This means that the ankle joint is basically safe against actuator control error, and the ankle
joint can perform its ability, such as balancing well. On the other hand, the exoskeleton-type
can assist the dorsiflexion motion of the swinging lower limb. This is good for defending
against stumbling. More consideration is needed to compare independent link types and
exoskeleton types in the future.

For back assistance, small torque assistance was achieved with about 24% ankle torque
decreasing without assistance. Also, large ROM assistance was achieved. The maximum
ankle angle of the analysis result without assistance was 8.4° and it decreased to 2° after
analysis of assistance. The link tip contact point of the front assistance is different from
the toe of a human. This means that the dynamic effects of the independent links are
different from a human foot. This mechanism results in a large ROM assistance effect. The
ankle joint dorsiflexion angle of 10° is required [9]. However, the dorsiflexion ROM of
a stroke patient is approximately 0° and it increases by approximately 2.4° after 6 weeks
of rehabilitation [10]. Two degrees after assistance means that an independent link-type
walking assisting device can assist patients with stroke after rehabilitation.

Both the front and back assistance require a large assisting force at the contact point.
When it assists the best performance parameter in this paper, the required assisting force at
the assisting link tip is very large. This is 0.8 times the force of the toe at the front assistance,
and 1.0 times the force of the toe at the rear assistance. It means that there is a large force
acting on the human leg. So connecting part of the assisting device to the human leg
should be designed to protect human skin. The assisting force is the cyclic force, the device
should be designed to bear the cyclic force. Also, power consumption should be considered
because a large torque is needed to rotate the independent link.

Also, the difference between analysis and device development will be discussed. In this
paper, assistance effects were evaluated by ankle joint torque, calculated using the human
body dynamic model. However, real human ankle torque cannot be measured directly,
because ankle torque is a joint internal torque. Ankle joint torque should be estimated by
other measured values. There are two candidates for the measurement value to estimate ankle
torque. One is an EMG sensor to measure the muscle activity of the ankle joint plantar flexion
muscle. The other is a force sensor to measure the ground contact force of the toe.

7. Conclusions
The potential of motion assistance in walking using an independent link attached to

the lower leg was evaluated through analysis using a suitable dynamic model. The human
body modeled with the right leg three links and the time when only the right leg was on
the ground was analyzed. The dynamics analysis was varied by changing the proposed
assist ratio for the toe force, link length, and target walking posture. The analysis was
performed to examine changes in the maximum dorsiflexion angle of the ankle joint and
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the time integration of ankle joint plantar flexion torque. The main results of the work can
be summarized in the following:

• The effect of the independent link on ankle joint torque and the ROM of the analysis
model was investigated with results of the analysis that confirm that the proposed
device analysis model can assist the patient analysis model with limited ankle dorsi-
flexion ROM and low plantarflexion strength simultaneously.

• For the patients analysis model with a mild dorsiflexion ROM limitation of the ankle
joint (7° or more), it was found that walking within the ROM was possible and that a
large torque assistance was possible by front side link assistance. The ankle torque
load of the analysis model can be reduced by 60% using the proposed device.

• For the patients analysis model with severe ankle dorsiflexion ROM limitation (2° or
more, 6° or less), it was found that walking within the ROM was possible and that
torque assistance was possible by back side link assistance. The ankle joint torque
load of analysis model can be reduced by 30% using the proposed device.

This work is limited to walking in the human model analysis. The effect of real human
walking should be considered by experiments in the future, based on the authors’ research
plan below.

The authors are trying to develop an assisting device that helps patients with both
ankle problems, i.e., ankle plantarflexion torque shortage, and ankle dorsiflexion angle
limitation. An independent link-type ankle assisting device was proposed. To develop
this device, the design method and control method of the device should be developed.
This paper is the first step of device design. With this work, the feasibility of a device
that can assist both ankle joint plantarflexion torque and dorsiflexion angle in the same
assistance is proposed. However, this paper’s model uses the hypothesis that patients
with ankle problems want to walk with a walking pose that minimizes ankle torque. This
is the limitation of this work. In our future work, human subject experiments will be
conducted related to this work. With this experiment, the hypothesis will be discussed
and the model will be renewed. The plan is to develop efficient and effective devices
through the interaction of analysis and experimentation. Also, other assistance effects like
fall prevention or assistance on uneven roads will be considered in the future.
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