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  Abstract—The toe joints play an important role in human 
walking and running movement patterns. In this paper, we 
propose a design method for metamorphic foot structures based 
on spring-loaded linkages to realize metatarsal-toe switching by 
using the self-recovery and self-stabilization properties of the 
spring-loaded linkages. We constrain the degrees of freedom 
(DOFs) of the foot mechanism by using the singular position 
characteristic of the four-bar mechanism to compensate for the 
lack of rigidity when the foot mechanism is in the toe line state. In 
addition, the structural parameters are calculated based on the 
static analysis method, and the validity of the design method is 
verified by simulation using Adams software. Finally, the 
compliance of the metatarsal state and the stability of the toe line 
state are demonstrated by physical prototyping and experiments. 
The results show that the novel metamorphic foot mechanism 
provides a uniform solution to cope with both walking and 
running movement modes. 
 

Index Terms—Compliant joints and mechanisms, mechanism 
design, metamorphic mechanism, metatarsal-toe switching, 
spring-loaded linkage. 

I. INTRODUCTION 
N the last few years, a variety of structures of humanoid 
robots have been developed to meet the needs of 
engineering projects, sports training, etc. Starting from the 

development of the first humanoid robots by Hirose and 
Ogawa et al. [1], robots have gradually gained better balance 
and adaptability. Currently, most humanoid robots use rigid 
flat mechanical feet with elastic material as the base [2]. These 
foot structures are better able to walk on relatively flat ground, 
but the attitude control of the mechanical feet is usually 
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achieved by motors to ensure that the robot's walking is stable, 
which reduces the smoothness and adaptability of humanoid 
robots. 

To solve the problems of inadequate adaptability and the 
dependence on the control framework of the existing foot 
mechanism, we make further considerations in terms of the 
structural composition of the human foot and its related 
functions. As the only part in contact with the ground, the 
precise structure of the human foot achieves the unity of 
support, stability and compliance. The toe joint, which is 
located in it, plays an important role in foot movement. 
Additionally, changes in its flexion and extension 
characteristics have an important impact on the smoothness of 
running and walking, especially on the smoothness of the 
metatarsal gait cycle and the stability of the toe gait on the 
ground [3]. As shown in Fig. 1, when the human body is 
walking, the muscle tissue in the toe joint is in a relaxed state, 
which provides the high compliance required for toe flexion to 
achieve smooth walking in the metatarsal state. When the 
human body is running at a high speed, to increase the running 
speed, usually toes touch the ground to reduce the contact area 
to improve stamping efficiency [4]. The force locking of the 
toe also plays an important role in it. 

 
To improve walking fluency in the metatarsal state, the 

literature [5], [6] proposed a rigid foot mechanism with a 
three-stage structure and a toe deployment method based on a 
parallel mechanism from an adaptive perspective. The 
addition of such rigid members improved the stiffness and 
stability of the foot mechanism to a certain extent, but the 
compliance of the toe joint was not fully exploited. To 
highlight the role played by the toe during metatarsal walking, 
researchers, such as Zhu et al., arranged springs at the toe of 
the foot mechanism and used the arrangement of elastic 
members to improve the self-adaptability of the toe structure 
[7]. Choi et al. proposed a new foot mechanism using steel 
plate springs and rubber balls in a series to achieve a variable 
stiffness toe mechanism, which improved the adaptability to 

I 

 
Fig. 1.  Two modes of human movement. (a) Walking. (b) Fast running. 
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complex terrain [8]. The emergence of these two structures 
implied that maintaining the passive compliance of the toe 
joint contributed to fluidity during metatarsal walking. 
However, such toes with passive compliance were usually 
connected to the rear foot using coupled joints or flexible 
materials. This structure had the advantage of high 
compliance, but it also had the same drawback of poor 
stability and weak self-recovery caused by the release of 
DOFs of the flexible material. The "spring-loaded linkage" 
structure, which consists of rigid linkages and elastic 
members, has the trajectory stability of a linkage mechanism 
and also incorporates the self-recovery characteristics of 
springs and the force balance caused by internal stress. From 
the functional aspect, the hybrid rigidity and flexibility of this 
structure are functionally similar to the properties of the joint-
ligament structure. Therefore, by introducing the spring-
loaded linkages into the toe's design to achieve the human foot 
function, the self-recovery and stability needs of the toe 
structure can be ensured. Its self-stabilizing capacity is also 
employed to increase stability while walking and standing to 
prevent falling as a result of insufficient rigidity. Regarding 
self-recovery and multiple stability, spring-loaded linkages 
have attracted attention recently. For example, Woodward et 
al [9] and Li et al [10] used a spring linkage to form a 
diamond-shaped bouncing structure to complete the bouncing 
action of the robot with the help of its self-recovery property. 
Sangamesh et al [11] proposed a method to achieve static 
equilibrium of the linkage structure using a modified spring 
arrangement, which exhibits the multi-stability characteristics 
of the spring linkage structure. Unlike the toed foot structure 
using flexible materials [12], [13], to focus on features such as 
passive compliance and flexibility, it instead causes the 
defects of insufficient structural rigidity and weak self-
recovery. The spring-loaded linkage benefits from its 
structural composition and has multi-stability characteristics 
while ensuring the self-recovery of the structure. 

However, to more fully reproduce the unique functionality 
of the toe in the human foot, the toe line state of the human 
body under high-speed running should also be reflected in the 
mechanical function. In the running state, the toe joint 
provides toe flexion stability to meet the mechanical 
requirements of the human body when the toes touch the 
ground [4]. Therefore, the combination of two motion modes, 
adaptive walking in the metatarsal state and locked running in 
the toe line state can greatly improve the adaptability of the 
foot structure for a variety of operating conditions and reduce 
the difficulty of developing the control framework. To unify 
these two modes of motion, we incorporate the concept of 
metamorphic mechanisms into the existing structure. The 
metamorphic mechanism has the property of changing the 
function of the mechanism by changing the DOFs without 
changing the number of members, which is highly flexible. 
Therefore, the metamorphic mechanism can change its 
topology to achieve the ability to switch motion modes, which 
is positive theoretical support for the combination of two 
motion states of the foot structure. Benefiting from its 
structural properties, the "one mechanism, many functions" 

feature of the metamorphic mechanism has been widely used 
in the field of robotics for different work requirements [14]. 
To highlight the reconfigurability of the metamorphic 
mechanism. Dai et al. proposed a new palm structure with 
reconfigurable properties based on the metamorphic 
mechanism [15]. The flexibility and adaptability of the 
metamorphic mechanism were highlighted in the literature 
[16], where researchers built a parallel leg structure for a 
walking robot using the metamorphic mechanism's 
transformable degrees of freedom (DOF). In summary, 
combining the reconfigurable characteristics of the 
metamorphic mechanism with the self-recovery and self-
stabilization advantages of the spring-loaded linkages enables 
the footed robot to have two motion modes, including adaptive 
walking in the metatarsal state and locked running in the toe 
line state, which can greatly enhance the robot's adaptability to 
a variety of terrains. 

In this paper, a toe joint structure with metamorphic 
characteristics based on spring-loaded linkages is given, which 
has the flexibility property brought by the release of DOFs in 
the metatarsal state and the stability property brought by the 
locking structure in the toe line state. The spring-loaded 
linkages with metamorphic features can function in multiple 
topologies, enabling the integration of multiple motion states 
of the foot structure without affecting the smoothness of 
motion. This unique toe structure provides a unified solution 
for the foot mechanism to cope with both walking and running 
motion modes. 

II. PROPOSED CONFIGURATION 

A. Toe Joint Structure Selection 
Considering that a humanoid robot needs to have a smooth 

gait during walking and provide rigid support when high-
speed movement is required, the role of the toe joint in the 
human foot should be fully reflected. Easy deformable, self-
recoverable designs are essential, and spring-loaded linkages 
significantly contribute to this need [17]. The constructed 
spring-loaded linkage is shown in Fig. 2. 

 
The structure consists of 5 nodes and 8 members. The 

members AB, BC, CD, AD, AE, and CE are tension ropes, 
and the members BE and DE are compression bars. On this 
basis, the rod BE and DE are arranged at node E with a 
rotational pair symmetrical with respect to the x-axis, and 
node E can move along the x-axis within the length of the 

 
Fig. 2.  Schematic diagram of the single steady-state of the spring-loaded 
linkage. 
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member AC. The members AE and CE are labeled as member 
5 and member 6, respectively, and their lengths change with 
the movement of node E on AC. The sketch of the structure is 
shown in Fig. 2, the coordinates of node E are defined as (x1, 
y1), and the angles of member 7 and member 8 with the x-axis 
are θ1 and θ2, respectively. To ensure the force stability of the 
structure after the change, the tension cables 1, 2, 3, and 4 are 
replaced with light springs, and the light springs are arranged 
at AE and CE to ensure the force balance effect of node E 
after the movement in the x-direction. At this time, the 
structure has the following geometric relations: 
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In the Cartesian coordinate system, the position of a 
component can be represented as [ ]  i i iq x y α= . If coordinate 
of the nodes nM is (xM, yM), then the node nN associated with it 
can be expressed as: 
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Where LMN is the distance from node M to node N. Thus, 
the coordinates of the structure node i (i =A, B, ... , E) shown 
in Fig. 2 are defined as ni, and from the geometric relations it 
follows that: 
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This gives the length l of each elastic member: 

 

1 1 1 7 1 1

2 1 1 7 1 1

3 1 1 8 2 2

4 1 1 8 2 2

5 1 1

6 1 1

( , ) (cos ,sin )
( , ) (cos ,sin )
( , ) (cos ,sin )
( , ) (cos ,sin )
( , )
( , )

T T
B A

T T
C B AC

T T
D C AC

T T
A D

T
E A

T
C E AC

l n n x y l
l n n l x y l
l n n x l y l
l n n x y l
l n n x y
l n n l x y

θ θ
θ θ

θ θ
θ θ

= − = −
= − = − − +
= − = − −
= − = − − +
= − =
= − = − −

 (4) 

B. Mechanical Design 
Based on the consideration that the toe joint motion pattern 

corresponds to different functionalities and the characteristics 
of the metamorphic mechanism change DOFs, it is designed 
as a 1-DOF structure with passive compliance in the 
metatarsal state and a 0-DOF structure with self-locking 
stability in the toe line state. The low friction characteristic of 
the slider provides a structural guarantee for the support of the 
metamorphic mechanism, based on which the topology is 
constructed by using the spring-loaded unit to meet the 
structural compliance design requirements of the toe joint. To 
improve the adaptability of the foot mechanism, we extend the 
previously studied adaptive foot structure [18] behind the 
existing toe structure. 

When the foot switches to the toe line state according to the 

topological characteristics of the metamorphic mechanism, the 
stability of the rear foot should be ensured under downward 
pressure and certain torque to meet the efficient execution of 
the running action [19]. When a large external load is applied 
to a spring structure with a symmetrical arrangement, it will 
typically only be able to achieve its multi-stability 
characteristics under the influence of internal equilibrium, and 
this does not meet the requirements for pressure stability of 
the toe during running. Thus, the stability in the toe line state 
becomes an important issue to consider when designing the 
structure. To solve this problem, we add a four-bar mechanism 
outside the toe joint of the foot-type structure and use its 
singular position characteristic to achieve toe locking in the 
running state, and the structure diagram is shown in Fig. 3(a). 
The mechanism is actively locked when three of the four 
nodes in the four-bar mechanism are in a straight line position 
[20]. The inclusion of the four-bar mechanism enables the toe 
structure to complete locking while reducing the inclusion of 
other complex locking structures, thus reducing the structural 
complexity and the adverse effects of weight on the robot 
when walking and running. As shown in Fig. 3(b), the linkage 
structure at the toe joint is topologically transformed by 
translating the slider, and the rear foot is turned at a certain 
angle under the joint action of the spring and the connecting 
rod. When the slider moves to the end state, the four-bar 
mechanism composed of AD, AC, BC, and BD is in the 
singular position, as shown in Fig. 3(c). At this time, node D 
in connecting rod AD is located below the central axis MN, 
the position of slider B and connecting rod BE is locked, and 
this locks the rear foot to achieve the toe line state's pressure 
stability. 

 
When the foot structure is applied to a metatarsal walking 

situation, a complete gait cycle begins with a heel strike (HS), 
when multiple springs present at the toe joints and ankle joints 
are compressed during the heel strike. The compression of the 
four compression springs in the rearfoot ankle joint reaches its 

 
Fig. 3.  Functional design of the foot structure. (a) Structural diagram of the 
spring-loaded unit. (b) Schematic diagram of metatarsal-toe switching. (c) 
Self-locking schematic diagram of the four-bar mechanism, where the black 
line segment is the four-bar structure and the red line segment is the spring-
loaded linkage. (d) Isometric view of the foot structure. 
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peak when the foot flat phase (FF) is reached under the action 
of body pressure F1. As the gait progresses, the heel-off phase 
(HO) is reached when the rearfoot leaves the ground under the 
combined action of the calf and compression springs in the 
form of force F2. During this process, multiple springs are 
released at the ankle joint, generating a reaction force to 
facilitate the overturning action. As the rearfoot flips back to 
equilibrium, the elongated tension spring in the toe begins to 
contract, besides the toe stirrups off under tension to reach the 
toe-off phase (TO). An illustration of the gait cycle is shown 
in Fig. 4. 

 

III. MATHEMATICAL ANALYSIS 

 
The force at each node of the structure is depicted in Fig. 

5(a) when node E is situated in the right half of AC. The 
structure is divided along AC in Fig. 5(b) to make the analysis 
procedure simpler because the structure is symmetric about 
AC. Further, to ensure that the DOF does not change as a 
result, the node E can be equated to a slider structure in Fig. 
5(b). Define DAC = DCAα β∠ ∠ =； , and draw the auxiliary 
line DK perpendicular to AC with node D as the origin 
downward. From the geometric relationship: 

 

7 1

1 7 1

7 1

1 7 1

1 7 1

sinarctan arctan
cos
sinarctan arctan

cos
1 cos
2

AC

AC

lDK
AK x l

lDK
CK l x l

x l l

θ
α

θ
θ

β
θ

θ

= =
−

= =
− +

= +

 (5) 

Define the forces on the elastic members 3, 4, 5 in the 
structure shown in Fig. 5(b) as 3 4 5, ,CD AD EAF F F , respectively, 
and the forces on the rigid rod 7 as 7

DEF . From the mechanical 
relations it follows that: 

  0A A DF M M= = =∑ ∑ ∑  (6) 

To ensure that the structure matches the motion 
characteristics of the human, the length of the member AC is 
set at lAC =72mm, which in turn leads to l7 = l8 =36mm from 
the geometric relationship by (1). The angle between member 
7 and the x-axis in the steady state of the structure is θ1 = 60°. 
The literature [7] gives the force that drives the toe to flex 
when the toe is stirred off as about 10 N. Therefore, in this 
paper, the driving force F5

EA at node E along the AC direction 
is set to 10 N, i.e., 7 5 1cos 5NDE EAF F θ= = . From (5) and (6) 
each structural parameter shown in Table 1 can be obtained. 

TABLE I.  STRUCTURAL PARAMETERS 

Parameter Value Parameter Value 
α1 43.373° l3 49.930mm 
β1 38.639° l4 45.398mm 
x1 51.06mm l6 20.740mm 
y1 0 F3

CD 12.802N 
lDK 31.177mm F4

AD 13.757N 

TABLE II.  STIFFNESS COEFFICIENT OF ELASTIC MEMBERS 

Member Stiffness  Member Stiffness 

l1 4.101N/mm l4 3.621N/mm 
l2 3.621N/mm l5 0.333N/mm 
l3 4.101N/mm l6 0.333N/mm 

According to the parameters shown in Table 1, the structure 
is simulated using ADAMS analysis software, setting a 
gravity-free environment, no micro-minimal variation in the 
rod, and a constant force of 10N applied at the x-axis node. To 
deform the spring-loaded linkage structure deformed from the 
state shown in Fig. 6(a) to the structure shown in Fig. 6(b). 
From Fig. 6(c), 6(d), the maximum deformation variables of 
the elastic members 2,4 are: 2 43.535mm,  3.355mml l∆ = ∆ = . 
Combined with the data in Table 1 and Hooke's law shown in 
(7) can be calculated for each elastic member stiffness 
coefficient as shown in Table 2. From the calculation results, 
it can be noted that there are differences in the stiffness 
coefficients of springs l2 and l4, which help to balance the 

 
Fig. 5. Mechanical analysis diagram. Where the red arrows are the forces 
exerted by the elastic members and the blue arrows are the forces exerted by 
the rigid bars. 
 

 
Fig.  4.  Foot structure metatarsal walking gait cycle, including two states of a 
stance phase and a swing phase. There are four key points in the contact 
phase: HS, FF, HO, and TO. Red downward arrows indicate heel or toe 
contact with the ground, and green upward arrows indicate heel or toe 
separation from the ground. 

 
Fig. 6.  ADAMS simulation results of spring-loaded linkage. (a) Steady state 
I. (b) Steady state II. (c) Length variation of elastic members. (d) Length 
variation and peak value of elastic members 2,4. 
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applied main forces during toe joint bending and facilitate the 
construction of the solid prototype by referring to their 
proportional relationships. 

 
Fk
l

=
∆

 (7) 

IV. EXPERIMENT VALIDATION 

A. Metatarsal Walking Test 
The three-dimensional model of the metatarsal walking test 

bench is shown in Fig. 7. The main execution unit of the 
walking test bench consists of three rods that constitute the 
crank-link mechanism and the profile sliding kit. The specific 
working principle is as follows: the regulated power supply 
(MP5050D) provides a stable voltage of 12 V, and then the 
DC motor pulse control board (YF-31) controls the DC high-
torque motor to provide torque for the positive output of the 
active pendulum L1 in the clockwise direction. The sliding kit 
(V-Slot) placed on the profile frame reduces the friction of the 
traveling actuator moving in the y-axis direction and limits the 
x-axis and z-axis errors that may affect the experimental 
results. 

 
 

 
When the foot mechanism travels positively on the y-axis, 

the active rod L1 rotates clockwise under the action of the 
motor, driving rods L2 and L3 to complete the cycle swing. 
The movement of the ankle part in the z-direction during 
walking is achieved by adding a buffer consisting of a 
compression spring at the part below rod L3 where it meets the 
foot mechanism. The 3D capture device (Miqus M3, Max 
sampling rate 650 Hz, Qualisys Co.) is used to read the data in 
the gait cycle to capture the motion trajectory of the foot 
mechanism in the spatial state in real-time. 

The experimental process is shown in Fig. 8. The entire gait 
cycle from heel strike to toe-off was completed under the 

regulated power supply. At this time, the compression of the 
spring at the ankle joint of the rear foot and the forward 
movement of the whole joint can be seen, and at 1.00 s, the 
center of gravity moves to the position of the forefoot, and the 
spring at the toe joint begins to deform. At 1.06 s, the rear foot 
is raised, when the compression spring at the ankle joint is 
released, which in turn leads to the deformation of the elastic 
member at the toe. The whole foot structure in this gait phase 
is completed with an accelerated gait. During this gait phase, 
the entire foot structure completes the toe-off phase from 1.06 
s to 1.24 s in an accelerated manner. The accelerated motion 
during the toe-off phase demonstrates the smoothness and 
compliance of the toe joints. 

 
By using the 3D motion capture system for analysis of the 

walking gait, we arrange motion capture nodes A, B, C, and D 
at the walking frame, talar joint, ankle joint, and toe joint, as 
shown in Fig. 7, and analyze the data of the foot structure gait 
cycle at a 600 Hz sampling rate to extract each key gait of a 
single cycle. Fig. 9(a) and 9(b) analyze the angular changes of 
the ankle and toes during each phase of the gait cycle, 
respectively, and compare them with the standardized data 
from the literature [3], [21]. At the beginning of the gait phase, 
there is a small change in the angle between the ankle joint 
and the toe under gravity, and the heel is grounded when 
reaching 40% of the gait. When the metatarsal gait cycle is in 
the 40% ~ 65% phase, the foot mechanism achieves 10 ~ 20° °  
dorsiflexion motion of the ankle joint and 0 ~ 35°  toe flexion 
motion of the toes in a short period. This process corresponds 
to the heel-off and the toe-off phases of the gait cycle, where 
the foot structure is rapidly separated from the ground by the 
combined action of the elastic member and the linkage 
mechanism. In the latter part of the gait cycle, the ankle joint 

 
Fig. 8.  The walking experimental gait diagram, the gait cycle starts from the 
heel strike to the end of the toe off phase, with a total time of 1.24s and a step 
frequency of 96 steps/min. 

 
Fig. 9. The experimental results of metatarsal walking. (a) Variation in ankle 
joint angle. (b) Variation in toe angle. (c) Foot structure of the talar joint, 
ankle joint, and toe joint’s workspace. The red downward arrows in Fig. 9(a) 
and (b) indicate that the heel or toe is in contact with the ground, and the 
green upward arrows indicate that the heel or toe is separated from the 
ground.  

 
Fig. 7.  The structural diagram of the experimental bench for the metatarsal 
walking experiment. The arrangement of 3D capture nodes A~D is also 
shown in the figure. 
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angle changes linearly, and the toe gradually returns to the rear 
foot parallel position and enters the swing phase. Fig. 9(c) 
extracts the three important joint parts of the foot separately 
and plots the workspace of each marker point by capturing the 
metatarsal gait cycles occurring in the o-yz plane, with the 
blue arrows in the figure showing the spatial trajectories 
delineated at the nodes of the forward walking process and the 
black arrows showing the spatial point connections delineated 
at the walking recovery segment. The spatial points of the toe 
joint in the blue line can be seen in the overlapping sampling 
states of several gait cycles, and the spatial trajectories of the 
foot structure in the forward walking process and the walking 
recovery segment are not identical. The difference point is that 
the high flexibility at the toe joint provides a smoother 
walking state for the gait cycle, i.e., the passive toe flexion 
motion of the toe structure occurs in the curve's no overlap 
phase, and this feature is also demonstrated in Fig. 8. 

B. Toe Line Stability Test 
To meet the toe line state of the rear foot in the fast running 

state to maintain stability and high efficiency of force transfer, 
the toe line state's stability should be verified. As a result, we 
use high-precision distance and pressure sensors to examine 
the relationship between rear foot torque and rotation angle. 
The test bench is shown in Fig. 10(a). At this time, the toe 
joint's four-bar mechanism's node C is in the singular position 
below the horizontal line MN, and the rear foot is locked. The 
contact position of the pressure probe is the center of the rear 
foot, i.e., the position of the ankle joint, and the pressure is 
applied in this direction to analogize the force state of the 
human foot in the fast-running state. Referring to the force 
state of the toe in the running state provided in the literature 
[4], the force application interval given in the experiment was 
0-50 N. Fig. 10(b) ~ Fig.10(f) shows six sets of experimental 
data measured in steps of 10N. 

 
By collecting and analyzing the data and calculating the 

torque in combination with M F L=  , the torque versus 
torsion angle curve is plotted as shown in Fig. 11. It can be 
seen that when the moment is 0~4Nm, the change of the 
turning angle is more obvious due to the structural assembly 
gap and the low stiffness of the elastic member as the applied 
load continues to increase. The curve tends to be smooth when 
the torque is further increased to the range of 4~6.5Nm, which 

shows that the four-bar mechanism plays a role in maintaining 
the stability after the state switching. 

 
C. Two-state Vertical Force Test 

To ensure that the foot structure has the same force trend 
compared to the human body in both metatarsal and toe 
walking motion states to ensure the correct mechanical 
performance for the user, the built Jansen linkage [22] based 
vertical force test bench is shown in Fig. 12(a). On either side 
of the walking test bench, two cantilever beam load cells 
(YZC-1B) were placed symmetrically, and the HX711 
conversion chip in conjunction with the XL-F3M controller's 
communication serial connection was used to attach to the 
computer for data collecting. 

 
Using the XL-Center controller software to decouple the 

electrical signals transmitted by the HX711 chip, the vertical 
pressure distribution data relative to the ground during the gait 
cycle were extracted and compared with the vertical reaction 
force data of a human wearing a marketed ankle-foot 
prosthesis (1S90, Ottobock) in the walking state [7] and the 
running state data in the literature [23], respectively. Fig.12(b) 
shows the comparison of the forces in the walking state, it can 
be seen that in the first half of the experimental data compared 
to the literature data in the dynamic equilibrium of the elastic 
member has more peaks, with a certain buffering capacity. 
The vertical force rises more gently, and the mechanical 
properties are more compact when reaching the highest point. 
Fig. 12(c) shows a comparison of the vertical force when the 
foot structure is locked in the toe line state in the running 

 
Fig. 12. Bipedal pressure test bench based on Jansen linkage. The lower part 
of Fig. 12(a) shows the experimental process in the metatarsal and toe line 
states respectively. Fig.12(b), Fig.12(c) record the mechanical data of the 
metatarsal and toe line states respectively, and the ratio of experimental data 
to reference data is 1:20. 
 

 
Fig. 10.  Toe line stability experiment force test diagram, apply 0 ~ 50N 
vertical force, used to prove the role played by the four-bar mechanism in 
maintaining stability. 

 
Fig. 11. Torque versus angle of rotation, and smoothing out during 
pressure application of 5Nm~6.5Nm. 
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condition, from which it is easy to see that the experimental 
data and the reference data have similarities in the trend, 
compared with the slope of the experimental data is more 
obvious, and the force is significantly greater than the walking 
state shown in Fig. 12(b), which can better meet the 
mechanical requirements of the running pedal state. 

D. Foot Structure Walking Comparison Test 
To compare the functional differences between the foot 

structure proposed in this paper and other dominant foot 
structures, each of the three foot structures shown in Fig. 13(a) 
was tested using the walking test bench built in Experiment C. 
Among them, the prototype of the Normal-toe Foot was taken 
from the literature [7], and the No-toe Foot was made with the 
foot structure introduced in the literature [24]. In addition, to 
exclude the influence of material and prototype size on 
hardness and ground friction, all three foot structures are made 
of PLA as the base plate and have the same dimensional 
parameters. 

 
The experimental data are shown in Fig. 13(b). From the 

image, it can be seen that in the HS segment, there is a larger 
curve step between Normal-toe Foot and No-toe Foot. And 
this feature continues to extend to the FF segment. The 
difference starts to be gradually obvious in the FF segment, 
and No-toe Foot has an advantage in stability because of the 
existence of curved transition in its heel, which makes the 
force change of touchdown less than the flat foot structure. In 
addition, the location of peak values of the two toe-structured 
feet overlaps, with the difference that the Novel-toe Foot is 
more gentle in the rising phase of the curve and has better 
compliance. The peak of the two toe-structured feet occurred 
in the HO interval, and the peak of the Novel-toe Foot in the 
first half of the interval was 51.4N, which was higher than the 
48.7N of the Normal-toe Foot and had better mechanical 
properties. In the latter half of the interval there is a downward 
fluctuation with a span of 21N and then returns to the normal 
position, in which the self-recovery effect of the elastic 
member is reflected. It is worth noting that although the No-
toe Foot also has extreme points in the HO interval, its highest 
peak value is located in the FF interval, which indicates that 
the toe structure acts as a support during the transfer of the 
force point from the heel to the forefoot. In the TO phase, the 
No-toe foot has only one torsional spring, so it has a shorter 
stomp-off duration and moves more quickly to the next gait 
cycle. In contrast, the Novel-toe Foot has more elastic 
components, resulting in more fluctuations during the stirrups, 
thus extending the gait cycle duration to a small extent. 

V. DISCUSSION 
We design, build and test a new foot structure with a 

metatarsal-toe switch in this paper, which combines the 
suppleness of the metatarsal state with the stability of the toe 
line state in a single structure that can switch modes for varied 
movement requirements. The tests in Chapter 4 demonstrate 
the foot structure's functionality and capabilities, meeting the 
majority of the stated aims and design requirements outlined 
in Chapter 1. 

The foot structure tends to move with joint angles similar to 
those of the human body, as demonstrated in the tests 
conducted in Experiment A for joint angles. Unfortunately, 
because of the differences between the test rig and human 
unconstrained walking, it was not possible to verify that the 
same gait could be accomplished during unconstrained 
walking in an undefined environment, only to demonstrate that 
it has the same compliant toe flexion capability as other footed. 
Further, to improve the performance of the foot structure in a 
relatively realistic environment, we built an experimental 
bench based on the Jansen linkage mechanism to imitate the 
motion state of human lower limbs, with sensors collecting 
and recording the vertical reaction force to verify its 
mechanical performance. By unifying the numerical scale, it 
can be found that in Fig. 12(b), by calculating the rising slope, 
it can be seen that Ref Exp=2.7 =1.4k k> , i. e. the novel foot 
structure has a smoother touchdown process. It exhibits the 
same phenomenon as the Normal-toe Foot comparison 
experiment shown in Fig. 13(b), which demonstrates that the 
mechanical characteristics of the foot structure are primarily 
reflected in the first half of the gait cycle. The average value 
of vertical force conversion in the range of 40% to 80% of the 
gait cycle is 25% higher than the reference data, while its peak 
value in the 80% to 100% phase is 28% lower than the 
reference data. The compliance of the toe joint is reflected in 
this process. 

It is worth noting that the foot structure is not only able to 
meet the walking needs, but more importantly, it can obtain 
the support capacity for a high-speed running state by 
switching the state of the mechanical structure without 
changing the number of components. Experiment B was 
conducted by applying pressure to the locked toe joint and 
processing the data into torque to observe the role played by 
the four-bar mechanism in maintaining stability. During the 
experiment, we noticed that the stiffness and mounting 
accuracy could not be unified because the existing foot 
structure was composed of a mixture of 3D printed parts and 
metal parts, which led to an error rotation of about 10° still 
existing during the downward pressure after locking, but the 
angle change tended to stabilize with the increase of torque in 
the second half of Fig. 11. In Fig. 12(c), the characteristics of 
the toe line state are also depicted. The force distribution in 
the running state essentially overlaps with that of the human 
body, but because of the flat design of the toe, which differs 
from that of the human body, the experimental data show a 
particularly prominent upward tendency, which in turn affects 
the stability. 

 
Fig. 13 Foot structure walking comparison experimental diagram. 
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In summary, compared with other mainstream foot 
structures [2], the foot structure proposed in this paper has a 
unique bistable design in terms of functionality, and no other 
toe joint structure with a similar function has been found. In 
the walking state, the passive toe flexion function and the self-
recovery of the spring-loaded linkages are superior compared 
to the mainstream toed foot structures such as PANTOE [7] 
and AMP-Foot [25]. However, the load-bearing capacity 
under the current structural configuration is weaker than the 
mainstream structures mentioned above due to the limitations 
of the available prototype materials. This leads to bench-based 
mechanical experiments to verify the correlation of the curves 
only by normalization, which reduces the objectivity of the 
experimental results. 

As a result, future research will integrate the segmented 
parts and strengthen the material to increase the rigidity of the 
structure and enable it to support greater weight to address the 
above-mentioned unresolved issues. Additionally, to establish 
active control for bistable switching of the toe joint, it will be 
coupled in series with the leg structure. 

V. CONCLUSION 
In this paper, through a systematic study of the function of 

toe joints of the human foot, a metamorphic foot structure 
based on the spring-loaded linkages that can realize 
metatarsal-toe switching is proposed. A four-bar mechanism is 
introduced into the spring-loaded linkage, and its singular 
position characteristic can be used to provide locking when the 
forefoot and the rear foot are at a certain angle to realize the 
locking of the toe in the toe line state and to improve the force 
stability in the high-speed running state. The foot structure has 
the compliant characteristics of the metatarsal state and the 
stable characteristics of the toe line state, which can realize 
smooth walking in the metatarsal walking state and high-speed 
running in the toe line state, providing a solution for different 
walking modes. 

 A walking test bench was built and a 3D motion capture 
system was used to experimentally verify the motion of each 
key part of the foot structure during the foot structure gait 
cycle, and a force test bench based on Jansen linkage was built 
to verify the mechanical properties of the foot structure during 
utilization. The results show that the foot structure can provide 
joint motion and mechanical properties with similar trends to 
the human body. 
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