
  

 

Abstract— This study proposes a modular Multi-axis Elastic 

Actuator (MAEA) for legged robots that can effectively cope 

with impacts that may occur during dynamic maneuvering. 

MAEA has multi-axis compliance and can measure the torque 

without additional encoders. Therefore, effective impact 

resistance is possible with less volume and weight than 

conventional Series Elastic Actuators (SEA). The 6-axis stiffness 

analysis of paired-Crossed Flexural Hinge (p-CFH) is extended 

from small deformation to large deformation, and the accuracy 

is verified through Finite Element Analysis (FEA) and 

experiments. Based on the analysis, the torque of p-CFH is 

measured, and feedback torque control is also performed. 

Finally, the robot leg was constructed with MAEA, and the 

multi-axis impact resistance performance of MAEA was 

demonstrated by analyzing the applied impact during landing 

experiments at various angles. 

I. INTRODUCTION 

With the flow of technological development, modern 
robots are breaking down the boundaries of their application 
range. Robots are not limited to the precise position control 
performance required by traditional industrial robots but are 
required to have the ability to surpass animals, such as by 
enabling physical interactions and dynamic motions. This 
view presents several challenges in terms of robot design and 
control. In the case of a legged robot, it is essential to design a 
suitable robot actuator to withstand the ground reaction force, 
overcome various types of terrain and obstacles, and perform 
dynamic motions such as running, jumping, and backflipping 
at high speed. Therefore, it is necessary to design actuators to 
generate high output power and withstand possible impacts or 
disturbances in the environment. 

Geared motors used in legged robots [1] have high force 
control performance and can carry a large load through a high 
gear ratio and torque sensor, however, such motors have high 
rigidity, low backdrivability, and heavy and expensive sensors. 
It is not easy to adapt these motors to high impact situations, 
so they are not suitable for dynamic movements. Accordingly, 
the Quasi-Direct Drive (QDD), which consists of a high torque 
density motor and a low gear ratio, has appeared [2], [3]. With 
its high backdrivability, this actuator can engage in high-speed 
driving, jumping, and backflips [4]. However, the diameter of 
the high torque density motor is large, and the output torque is 
low due to the low gear ratio, and so QDD is used for small 
loads. In addition, there is a Series Elastic Actuator (SEA) that 
can endure impacts via the attachment of an elastic element 

between the motor and the load [5], [6]. SEA consists of a high 
gear ratio motor, a spring, and an additional encoder for torque 
measurement; closed-loop force control is thus possible [7]. 
By decoupling the actuator from the impact through a spring, 
excellent impact resistance is achieved, and actuators are used 
in StarlETH [8], ANYmal [9], [10]. In addition, there are cases 
in which variable stiffness elements are used in robots, rather 
than fixed stiffness [11]. However, additional springs and 
encoders increase weight and volume and have a low torque 
control bandwidth. Also, the spring of modular SEA has only 
single-axis compliance because it is constrained to motor 
rotation [9], [12], [13].  

When the foot of a robot leg interacts with the environment, 
the impact occurs not only in the rotational direction but is 
applied in an arbitrary direction in space. Therefore, this paper 
developed a modular Multi-axis Elastic Actuator (MAEA) that 
can mitigate multi-axis impacts. The paired-Crossed Flexural 
Hinge (p-CFH) structure with 6-axis compliance [14] was 
applied to MAEA.  Stiffness analysis of p-CFH was conducted, 
and a strategy was presented to measure the displacement and 
torque of p-CFH without an additional encoder. Finally, 
MAEA was found to have excellent impact resistance and 
torque sensing with smaller volume and weight than SEA. 
Feedback torque control was achieved through the 
manufactured MAEA, and multi-axis impact resistance 
performance was evaluated by landing experiments performed 
on MAEA robot leg. 

II. ELASTIC MECHANISM FOR ACTUATOR 

The elastic mechanism design of an elastic actuator is an 
essential factor influencing the overall actuator performance. 
There are cases in which torsional springs are used [12], and 
fabricated flexure mechanisms are used [15] for elastic 
mechanisms. These methods limit the adaptation to the 
environment because the spring’s displacement is constrained 
by translational or rotational motion. Unlike these mechanisms, 
the p-CFH structure (Fig. 1), which is also used in robot joints 
[14], [16], has excellent impact resistance due to its 6-axis 
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compliance. Also, there is no backlash and friction, no need 
for lubrication, and it can be designed to have the desired 
stiffness.  

A. p-CFH Stiffness Analysis 

Crossed Flexural Hinges (CFH) have structures in which 
two leaf springs of length 𝐿, width 𝑏, and thickness ℎ intersect 
at an angle of 2𝛼  with an interval 𝑤  to connect upper and 
lower links 𝐴 and 𝐵, as shown in Fig. 2a. p-CFH is illustrated 
in Fig. 2b, in which CFH faces symmetrically with an interval 
of 𝑤0. 6-axis stiffness analysis of CFH was performed under 
small deformation conditions by Bellouard [17]. Yang et al. 
[14] extended stiffness analysis to p-CFH; the 𝑧-axis rotational 
stiffness doubled, and 𝑦-axis rotational stiffness increased by 
about 20 times compared to those of CFH. However, due to 
the relatively low 𝑧-axis rotational stiffness, p-CFH rotates 
with a large nonlinear deformation along the 𝑧-axis, so the 
rotational displacement cannot be expressed for the fixed point 
𝑂. Therefore, the rotational displacement 𝜑𝑧 was redefined, as 
shown in Fig. 2c, considering the center shift 𝑑𝐶𝐹𝐻  that occurs 
during large deformation. Ultimately, we seek to obtain 𝑧-axis 
nonlinear rotational stiffness for  𝜑𝑧. 

Several methods exist to interpret the large deformation 
behavior of leaf springs [18], [19]. Methods to extend from this 
concept to analyze the large deformation behavior of CFH 
include the Elastica Theory (EL) method [20] and the Pseudo 
Rigid Body Model (PRBM) [21], [22]. It has been validated 
that the analysis result of the EL method shows a minor error 
with Finite Element Analysis (FEA) [23]. The EL method 
derives solutions of the Euler-Bernoulli beam equation 
through elliptical integration, and the relationship between the 
moment 𝑀𝐶𝐹𝐻,𝑧 and the rotational displacement 𝜑𝑧, as shown 

in Fig. 2c, can be obtained. Since this process involves 
elliptical integration and the solving of numerical solutions, 
the computational load is large, making this method difficult 
to apply to robots in real-time. However, approximation is 
possible because 𝑀𝐶𝐹𝐻,𝑧  is represented as third-order 

polynomial for 𝜑𝑧  [20]. When 𝐸  is Young’s modulus, 𝜈  is 
Poisson’s ratio, and 𝐼 is the smallest linear moment of inertia 
of the spring ( 𝐼 = 𝑏ℎ3/12 ), the relationship can be 
approximated by a polynomial form of 𝑀𝐶𝐹𝐻,𝑧 𝐿/2𝐸𝐼𝜑𝑧 =
𝐾𝑀(𝛼)𝜑𝑧

2 + 1. The coefficient 𝐾𝑀  can be expressed using a 
second-order polynomial for 𝛼, as follows.  

 𝐾𝑀 = 0.833𝛼2 − 0.6841𝛼 + 0.1855 (1) 

 
𝑀𝐶𝐹𝐻,𝑧 =

2𝐸𝐼

𝐿
(𝐾𝑀𝜑𝑧

3 + 𝜑𝑧) (2) 

Values of coefficients were fitted with a coefficient of 

determination higher than 0.9995 in the range of  𝜋/6 < 𝛼 <
5𝜋/18  (low buckling & large rotation range), −𝜋/6 < 𝜑𝑧 <
𝜋/6  (low yield). Finally, 𝑀𝑝−𝐶𝐹𝐻,𝑧  was derived using the 

following equation. 

 
𝑀𝑝−𝐶𝐹𝐻,𝑧 = 2𝑀𝐶𝐹𝐻,𝑧 =

4𝐸𝐼

𝐿
(𝐾𝑀𝜑𝑧

3 + 𝜑𝑧) (3) 

To confirm the accuracy of the large deformation stiffness 
analysis, results were compared with FEA and experimental 
results. FEA analysis was executed through the Ansys 
program (Ansys Mechanical, Ansys, USA), and the 
experiment was performed through a moment experiment 
device, as shown in Fig 3a. The springs made of Polycarbonate 
(PC) material were used to achieve excellent resiliency of p- 
CFH; the property values of the utilized p-CFH were as 
follows: 𝛼 = 𝜋/4, 𝐿 = 10 𝑚𝑚, 𝑏 = 6 𝑚𝑚, ℎ = 2 𝑚𝑚,𝑤 =
1 𝑚𝑚,𝑤0 = 1 𝑚𝑚, 𝐸 = 2.45 𝐺𝑝𝑎, 𝜈 = 0.36 . The Young’s 
modulus of the material was measured using a universal 
testing machine (KUM-5A, KM&T, Korea). Moment was 
applied to p-CFH through torque control using a DC motor and 
controller (Geared Encoder DC Motor & EPOS2 24/2 DCX 
Controller, Maxon, Switzerland), and the rotational 
displacement was measured through Tracker, an open-source 
video analysis program, to calculate the final rotational 
stiffness. Finally, comparison results are as shown in the graph 
in Fig. 3b. When 𝜑𝑧 = 20°, the relative error between the 
experiment result and the FEA was 4.3%, indicating that the 
experiment was accurately performed. The nonlinear stiffness, 
obtained through the large deformation analysis, showed 
relative errors of 2.5% and 6.5% with FEA and experimental 
results at 𝜑𝑧 = 20°; analysis result accuracy was also verified. 

Applying the large deformation analysis result to the 6-axis 
stiffness matrix of p-CFH [14] leads to the following equations. 

Fig. 3: (a) Moment experimental setup. (b) Comparison of nonlinear stiffness 
for large deformation analysis with FEA and experiment results. 

 

        

 
 
      

 

   

   

   

   

 
 
  

 
 
  
  
 
 
 

 
 

 

                     

 
 

 

       

 
 

 

               

        

            

     

 a 

   

 a       

Fig. 2: (a) Crossed Flexural Hinge. (b) paired-Crossed Flexural Hinge. (c) 

Rotated shape of CFH. 
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As a result, for real-time analysis of p-CFHs used in robot 
actuators, a 6-axis stiffness analysis method with improved 
accuracy was derived by extending small deformation analysis 
to large deformation through approximation using EL method.  

B. p-CFH Sensing 

In this research, the actuator volume, weight, and price 
were reduced by directly measuring the deformation of the p-
CFH used in the modular actuator through a strain gauge and 
calculating the torque. First, linearity between the strain and 

rotational displacement of the spring was validated through 
FEA and experiments. In FEA, the strain and rotational 
displacement of the spring were directly derived. In the case 
of the experiment, the strain cannot be measured directly. 
However, since the strain gauge outputs a voltage linearly 
proportional to the strain of the attached material, the output 
voltage and rotational displacement were measured, and a 
linear relationship was identified according to the relationship 
below.  

 𝜀 ∝ 𝑉,    𝑖𝑓 𝑉 ∝ 𝜑𝑧 ,    ∴ 𝜀 ∝ 𝜑𝑧 (6) 

A strain gauge (MMF402183, Vishay Measurements Group, 
USA) was attached to the center of one spring of p-CFH using 
an adhesive for gauges. The p-CFH was installed in the 
moment experiment device shown in Fig. 3a. A quarter bridge 
circuit and 16-bit analog-to-digital converter (ADC) were used 
to measure the output voltage of the gauge, and the Tracker 
program was used to measure the rotational displacement of p-
CFH. As illustrated in Fig. 4a, in both cases, the coefficient of 
determination of the linear regression within the rotational 
displacement of 20° was more than 0.9997, so it can be judged 
to be linear. Second, it was confirmed that the spring strain 
occurred within the strain range of the strain gauge. The 
allowable strain range of the utilized strain gauge was ±1.5%. 
According to the FEA data shown in Fig. 4a, in the range of 
rotational displacement less than 20°, the strain range satisfies 
the condition of 1.5%, so it can be confidently used.  

Through the linearity, it is possible to linearly scale the 
voltage of the strain gauge to the rotational displacement of the 
p-CFH. Therefore, the transmitted moment to p-CFH could be 
calculated through equation (3) with rotational displacement 
that scaled from output voltage of strain gauge. Since p-CFH 
has 6-axis compliance, external force/torque can be 
transmitted not only in pure 𝑧-axis moment, but also in other 
axial directions. However, the axial stiffness except 𝑧 -axis 
have relatively large values, so we could assume that p-CFH 
will deform within a small range and recover quickly. 
According to the assumption, the transmitted torque is 
calculated as follows: 𝜏𝑧 ≅ 𝑀𝑝−𝐶𝐹𝐻,𝑧 . The torque 

measurement performance of p-CFH was evaluated using the 
moment experiment device. First, a torque is applied to the p-
CFH and the measured output voltage values are scaled with a 
rotational displacements. Then, a constantly increasing torque 
is applied, and rotational displacement and torque are sensed 
according to the above description. The torque values 
measured through the strain gauge are compared with the input 
torque values and estimated torque values through the current 
sensing of the motor. The results are shown in Fig. 4b. In the 
section of 𝜏𝑧 < 1.4 𝑁𝑚, the average value of the relative error 
between the torque estimation and sensing was about 1.34%. 
It verified that the voltage values can be linearly scaled to the 
rotational displacement values and equation (3) accurately 
maps the relationship between rotational displacement and 
torque. In the section of 𝜏𝑧 ≥ 1.4 𝑁𝑚 , the average relative 
error between the estimation and the sensing values increases 
as 2.84% because the torque cannot be applied as a pure 𝑧-
axis moment as other axes moments were increased. This 
phenomenon will be solved in the future by measuring and 
compensating the deformation of other axes by installing 
additional strain gauges.  
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Fig. 4: (a) Linearity of between rotational displacement and strain & voltage. 

(b) Torque sensing performances compared with torque input and estimation. 
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III. ACTUATOR DESIGN AND CONTROL 

Legged robots composed of elastic actuators do not exhibit 
dynamic maneuvers. Although there may be no direct effect, 
increasing the torque bandwidth and precise control may not 
be a solution. In the case of Salto [24], [25], a rubber spring 
was adequately utilized to achieve a jump, and performance 
was excellent for jumps up to  1.25 𝑚. In this way, elastic 
actuators may overcome their limitations when elastic springs 
are optimally used. Accordingly, in this paper, we propose a 
modular MAEA for legged robots, starting with optimizing the 
spring performance by maximizing the multi-axis impact 
resistance of the elastic mechanisms. 

A.  Multi-Axis Elastic Actuator with p-CFH Shaft 

For MAEA to absorb external impact, the shaft was 
constructed through a p-CFH, as shown in Fig. 5. The p-CFH 
springs are fastened to the upper and lower spring fixtures and 
are designed to be replaceable, and the upper and lower spring 
fixtures are fastened to the front and rear shafts. The properties 
of p-CFH are the same as seen in the previous chapter. The 
space 𝑑  between the front and rear shaft and the space ∆𝑟 
between the fixture and shaft define the workspace and stable 
operating area of p-CFH and stops motion with link contact. 
The ∆𝑟 value was set to have a safety factor of approximately 
1.4 when 1.4 𝑁𝑚 torque was applied to the 𝑧-axis and p-CFH 
was rotated by 20°. 𝑑 value was chosen to have a workspace 
of about 1 𝑚𝑚 and 3° for different axial force/torque.  

The MAEA design is depicted in Fig. 6a. The p-CFH shaft 
was assembled with the two bearings and rotor of the motor to 
transmit power. The bearings and stator were fixed to the 
motor housing and the driver were fixed to the driver housing. 
All housings were made of aluminum. The motor uses a 
frameless inrunner BLDC (RI-70, T-Motor, China) for 
compact engagement with the designed p-CFH shaft. It has a 
0.94 𝑁𝑚  continuous torque, 2.68 𝑁𝑚  peak torque, 8.4 𝐴 
continuous current, and 24 𝐴 peak current. The gear was not 
considered in the evaluation of only the actuator sensing, 
torque control, and impact resistance performance. The weight 
of the hardware was 560 𝑔 and the size is 86 ∅ ×  51 𝑚𝑚, 
and the finally manufactured MAEA is shown in Fig. 6b. 

C. Electronics and Communication 

MAEA uses a BLDC controller that used for MIT Mini 
Cheetah, which is open-source [4]. The controller includes a 
magnetic position sensor, uses Field Oriented Control (FOC) 
to control the motor current at a loop rate of  40 𝑘𝐻𝑧, receives 
the position, speed, feedforward torque, and gain value 
commands, and returns position, speed, and torque values. The 
controller has allowable 30 𝐴  continuous current and 40 𝐴 
peak current, suitable for the utilized motor. The controller 
uses 1 𝑘𝐻𝑧  CAN Bus communication suitable for legged 
robots using multiple actuators. The strain gauge attached to 
the p-CFH returns a measured torque value through the ADC; 
feedback torque control is also possible. The torque sensing 
resolution is 0.04 𝑁𝑚 which is acceptable that compared to 
other legged robots torque sensors [1], [9], and range is 
1.4 𝑁𝑚  which can be adjusted by changing the p-CFH 
properties. 

D. Actuator Feedback Control 

Based on the previously demonstrated torque sensing of p- 
CFH, MAEA is capable of feedback torque control. For 
verification, MAEA was connected to a commercial 6-axis 
force/torque (F/T) sensor (HEX-E QC, OnRobot, Denmark) as 
shown in Fig. 7a. Assuming little backlash because of p-CFH 
and no gear, torque control was performed without backlash 
compensation according to the linear torque control strategy 
with the PD controller [26]. The torque tracking performance 
of MAEA was validated for square and sinusoidal wave torque 
input, and the feedback torque value was compared with the 
estimated torque value through the motor current and the 
torque measurement value of the F/T sensor. The comparison 
results are shown in the graph of Fig. 7b. For a magnitude of 
about 30% of 1.4 𝑁𝑚, the actuator tracks the reference torque 
well in both cases with rising time 0.025 𝑠 and 2%  steady-
state errors on average. Despite the 12.5%  motor torque 

 a 

   

              

            

           

          

Fig. 5: (a) Assembly process of p-CFH shaft. (b) p-CFH shaft workspace 
representation. 

 

Fig. 6: (a) Expanded view of the actuator. (b) The modular multi-axis elastic 
actuator with fully assembled. 
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overshoot when using square input, the output torque delivered 
through the spring overshoot is reduced to 4.5% due to the 
damping characteristic of the spring. As a result, when the 
feedback torque was compared with the measured value of the 
F/T sensor, we demonstrated that MAEA was able to control 
the output torque of the precise magnitude. The closed-loop 
torque control bandwidth performance was also analyzed 
through the frequency response of excitation experiments 
under fixed load conditions, as illustrated in Fig. 8. It can be 
validated that the closed-loop torque control bandwidth was 
45 𝐻𝑧 for the amplitudes that  20% of 1.4 𝑁𝑚. 

A. Multi-axis Impact Resistance 

Effective jumping performance was also demonstrated by 
using impedance control to cope with impact when the legged 
robot landed its foot on the ground [27]. However, the control 
may not absorb an impact when the robot is driving due to the 
attack angle, driving direction, or unknown environmental 
elements. In this perspective, MAEA has passive multi-axis 
impact resistance that can protect the robot by isolating the 
motor part from external force/torque. The impact resistance 
performance can be maintained through high 𝑦-axis rotational 
stiffness [14] even when constructing a robot leg using 
multiple MAEAs. 

B. Multi-axis Impact Resistance Performances 

To evaluate the multi-axis impact resistance performance 
of MAEA, a 2-degree of freedom (DOF) robot leg with MAEA 
was manufactured, as illustrated in Fig. 9a. The legs were 

fabricated using a 3D printer (M300, Zortrax, Poland). The leg 
length/actuator weight ratio of MIT Mini Cheetah capable of 
high dynamic motions is 0.4 𝑚/𝑘𝑔 [4], which is a large value 
compared to other quadrupedal robots [2], [8], [9]. From that, 
the lengths of the upper and lower links were determined as 
0.169 𝑚 and 0.164 𝑚. To reduce inertia, both knee and hip 
actuators were located on the robot body, and the lower link 
was connected to the knee actuator through a Poly Chain belt. 
A 6-axis F/T sensor was attached to the hip actuator and robot 
leg was attached to a linear guide to measure the force/torque 
from impact during landing sequences. The total system 
weight was about 1.7 𝑘𝑔 including legs, actuators, and sensor. 
As shown in Fig. 9a, the angle between the ground and the 
linear guide that leg attached is defined as the landing angle. 
The landing angle was set at 90°, 60°, and 30°, and the ro ot’s 
forward speed increased as the landing angle decreased. This 
is an indirection application of increasing the attack angle of 
legs to increase the forward speed when the quadrupedal robot 
is actually moving. The initial height of the foot was set to 
0.15 𝑚 from the ground in all cases.  

For evaluation of the MAEA multi-axis impact resistance 
performance, force/torque measurements upon landing were 
compared when the Motor, single-axis SEA, and MAEA were 
used for the leg. The Motor was constructed by replacing the 
p-CFH shaft with a simple cylindrical shape shaft, and the 
single-axis SEA was implemented by filling the space (𝑑 = 0) 
in Fig 5 with low friction material and constraining 
compliance except for rotation. In all cases, the actuator 
performed position control to maintain its virtual link length at 
0.20 m. The experimental results can be seen in the graph in 
Fig. 9b. In all landing angle cases, impact due to a fall and 1st 
contact occurred. When landing angle was 90°, a 2nd contact 
from a slight jump occurred due to the large ground reaction 
force. Maximum impact occurred during the 1st contact period. 
𝐹𝑥, 𝐹𝑦 , 𝐹𝑧  and 𝜏𝑥, 𝜏𝑦 , 𝜏𝑧  values were compared for each 

actuator cases. For 90°  and 60°  cases, impact was mainly 
composed of  𝐹𝑦, otherwise, on the other way, 𝐹𝑥 is the main 

component on 30° case. 𝜏𝑥 mainly composed the impact in all 
landing angle cases. All force/torque values show trend of 
Motor > SEA > MAEA in every landing angles. For more 
efficient comparison at each actuator cases, the magnitude of 

  
 

  
 

  
 

   

   

   

 

  

 
 
 
 
  
 
 
 
  
 
 
 

           

       

  
 

  
 

  
 

              

    

    

 

   

   

 
 
 
 
 
  
 
 
 
 

Fig. 8: Frequency response of the MAEA’s closed-loop torque control. 
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Fig. 7: (a) Feedback torque control experimental setup with actuator and F/T 
sensor. (b) Tracking performance with MAEA torque feedback and F/T 
sensor measurements. 
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the force/torque vector sum 𝐹̅  and 𝜏̅  of each actuator were 
derived. In the impact size comparison, the vector sum shows 
the same trend as before. At the 1st contact in 90° case, the 

maximum 𝐹̅𝑀𝐴𝐸𝐴  was decreased by about 8.3 𝑁  and 3.5 𝑁 
compared to maximum 𝐹̅𝑀𝑜𝑡𝑜𝑟  and 𝐹̅𝑆𝐸𝐴 . And maximum 
𝜏𝑀̅𝐴𝐸𝐴  was decreased by about 0.1 𝑁𝑚  and 0.04 𝑁𝑚 

compared to maximum 𝜏𝑀̅𝑜𝑡𝑜𝑟  and 𝜏𝑆̅𝐸𝐴 . In addition, 𝐹̅𝑀𝐴𝐸𝐴 
became about 50.3%  and 70.7%  of 𝐹̅𝑀𝑜𝑡𝑜𝑟  and 𝐹̅𝑆𝐸𝐴 , and 
𝜏𝑀̅𝐴𝐸𝐴  became about 61.7% and 84% of 𝜏𝑀̅𝑜𝑡𝑜𝑟  and 𝜏𝑆̅𝐸𝐴  on 

average for 90°  case. Also, 𝐹̅𝑀𝐴𝐸𝐴 , 𝜏𝑀̅𝐴𝐸𝐴   became 62% , 

72%  and 57%, 80%  in 60° , and 𝐹̅𝑀𝐴𝐸𝐴 , 𝜏𝑀̅𝐴𝐸𝐴   became 
41 %, 62 %  and 43%, 72%  in 30 °  of 𝐹̅𝑀𝑜𝑡𝑜𝑟 , 𝐹̅𝑆𝐸𝐴  and 
𝜏𝑀̅𝑜𝑡𝑜𝑟 , 𝜏𝑆̅𝐸𝐴 . Therefore, it could be sorted MAEA leg 
transmitted 41%  less impact than the Motor and 33%  less 
impact than the SEA on average. In other words, it was 
validated through landing experiments at various angles that 
the MAEA robot leg effectively separated the impact from the 
robot through multi-axis impact resistance. However, looking 
at the  𝐹̅ and 𝜏̅ values after landing, the vibration magnitude of 
MAEA was larger than SEA due to its multi-axis compliance. 
Because of these characteristics, it is essential to design the 
stiffness of the MAEA’s p-CFH according to the robot 
specification. Proposed MAEA shows that vibration 
converged within 1 second and soon became the same as 
Motor and SEA case. As a result of experiments, we can see 
the possibility that when a legged robot is configured with 
MAEA, it will be able to better cope with various impacts 
during high-speed dynamic driving. 

IV. CONCLUSION 

In this paper, we developed MAEA, which can mitigate 
impacts more effectively than the existing modular actuators 
for legged robots. A p-CFH having 6-axis compliance was 
applied as an elastic mechanism for impact resistance of the 
actuator. Traditional small deformation stiffness analysis of p-
CFH was extended to large deformation; the accuracy was 
confirmed by the relative errors of 2.5% and 6.5% of the FEA 
and experiment results. By confirming the torque sensing 
performance using the strain gauge without an additional 
encoder, it was verified that torque measurements have a 
relative error of about 0.23% with the torque estimation value 
in 𝜏𝑧 < 1.4 𝑁𝑚 . Feedback torque control was executed 
through the manufactured MAEA, including the proposed p-
CFH shaft structure, and it was confirmed that the torque 
tracking was well performed through the F/T sensor. Finally, 
a 2-DOF robot leg was constructed using MAEA, and landing 
experiments at various angles were conducted. For the cases 
of using the Motor, SEA, and MAEA, the force/torque values 
from impact during landing were analyzed it was found that 
the multi-axis impact resistance transmitted 49% less impact 
than the Motor and 30% less impact than the SEA on average. 
So far, no gear has been added to the actuator to evaluate 
MAEA torque sensing, control, and multi-axis impact 
resistance performance. In the future, when configuring the 
entire legged robot system with MAEA, a gear will be added 
with an appropriate gear ratio and type, considering the 
specifications of the entire robot.  

Fig. 9: (a) Robot leg with 2 MAEA and representation of coordinates and force/torque. (b) Landing experiment results of various landing angles. Force/torque 

and their vector sum of Motor, SEA, and MAEA are compared. 
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