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Abstract. The study discusses the reasons for the need to use exoskeletons on 
construction sites. However, modern models of exoskeletons are not very 
comfortable for human use. One reason is the application of absolutely rigid links. 
The authors address this setback by applying in exoskeletons the links with 
variable length and controlled stiffness via alterable strength of magnetic field. A 
3-dimensional model of exoskeleton, including five variable-length links with 
adjustable stiffness, for human musculoskeletal system has been developed. The 
model uses magneto-rheological fluid to control link stiffness on the variable-
length sections. The links connections are simulated with hinges, spherical or 
cylindrical, implementing required rotational motion. The developed model is 
closer to the human locomotion system. It can be applied for designing more 
comfortable exoskeletons compared to the currently existing ones. The use of 
comfortable exoskeletons will make the work of construction workers easier and 
will reduce the number of injuries and occupational diseases. 
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1. Introduction 

On construction sites, workers are often faced with the need to lift and carry heavy 

objects, as well as routinely perform standard operations for long periods of time. This 

leads to occupational diseases of the musculoskeletal system. An exoskeleton can 

reduce the risk of developing these diseases and make the work of construction workers 

easier. Exoskeletons are already beginning to be used in construction and other 

industries [1-3]. 

The exoskeletons that make the everyday life easier for people with 

musculoskeletal system disorders have a number of issues [4,5]. Works [6-10] are 

devoted to the use of hydraulic actuators. The control model of variable-length section 

using magneto-rheological fluid by changing its viscosity under the applied outer 

magnetic field is considered in the paper [11]. 
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2. Materials and Methods 

Let's consider a comfortable exoskeleton model that can be used by workers on 

construction sites. Consider a 3-dimenstional model of exoskeleton which includes five 

variable-length elements with adjustable stiffness in a motion phase when just one 

element is on the surface. The origin of stationary, fixed to the Earth, Cartesian system 

of coordinates А0x0y0z0, (figure 1), is placed at the fixed spherical hinge А0. 

 

Figure 1. 3-dimensional model of exoskeleton with the links of alterable length and adjustable stiffness. 

The model uses spherical hinges that allow achieving various degrees of mobility 

in the human musculoskeletal system. To compose the set of equations of differential 

type for the model movement, the mobile local coordinate systems Аi-1xiyizi 

(i = 1,2,…,5) are used, which are firmly fixed with spherical hinges Аi, implementing 

the rotational links movement of the model. The axis zi are directed along the mobile 

links Аi-1Аi (figure 1). 

The links Аi-1Аi are of the same design and feature stems АiDi with pistons Di, 

which are located inside the housings BiCi. The housings are the thin-walled cylinders 

with magnetic coils wound on them. The cylinders are filled with magneto-rheological 

fluid. The absolutely rigid rods Аi-1Bi and АiBi+1 are fixed to the cylinders. The opposite 

ends of the rods have spherical hinges. The control torques are expected to be applied 

to these spherical hinges. A schematic representation of the design of one link of a 

comfortable exoskeleton is shown in figure 2, a drawing of the piston and bushings are 

presented in figure 3. 
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Figure 2. Design of one link of a comfortable 

exoskeleton. 

Figure 3. Piston drawing (on the left) and drawing 

of an exoskeleton link bushing containing magnetic 

rheological fluid (on the right). 

The concentrated mass mp is placed at the point А5 at the top part of the mechanism 

model. This mass approximately simulates the head and the upper limbs of the person’s 

locomotion system. The rod section lengths are denoted as Аi-1Bi  = li1, DiAi = li2, 

wherein the first index designates the number of the link, and the second index 

designates the link section number. The lengths of the cylinders are denoted as BiCi = 

li3. Let’s assume that the cylinder with magneto-rheological fluid is simulated with a 

rod, i.e. it is assumed that diameters of the cylinders are negligibly small compared to 

their lengths. The masses of individual link elements are denoted as mi1, mi2, mi3 

respectively. Their moments of inertia for the axis normal to the plane in which the 

motion of the rods takes place and passing through their ends are Ii1, Ii2, Ii3. In the first 

approximation, it is assumed that the pistons Di have negligibly small masses and 

moments of inertia compared to those of the rods DiAi. The length of the link is 

changed because of respective movement of pistons with stems DiAi inside the 

cylinders with magneto-rheological fluid BiCi (i = 1,2,…,5) along the links Аi-1Ai and 

АiAi+1. 

The drag forces Fi (i = 1,2,…,5) applied along the stems with pistons are 

implemented in this model by magneto-rheological fluid. Under the influence of the 

outer magnetic field, magnetic grains of this fluid are partially arranged along the 

magnetic field lines (figure 4). Meanwhile, the portion of the arranged particles grows 

with the intensity of the magnetic field applied to it. Consequently, drag force to the 

piston motion also increases. This ensures the controlled link change in accordance 

with the walk phase and loads applied from the neighboring links. 

 

Figure 4. Chaotic arrangement of particles of magnetic rheological fluid when there is no outer magnetic 

field (left) and oriented magnetic particles under the effect of the outer magnetic field (right). 
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The left part (figure 4) shows the chaotic behavior of particles of a magnetic 

rheological fluid when there is no outer magnetic field. The right side (figure 4) shows 

how magnetic particles are consistently oriented when the outer magnetic field is 

switched on. The viscosity change of the magnetic-rheological fluid is regulated by 

outer magnetic field, realized using the coils placed on the cylinder outside. Since 

without magnetic field the particles have a chaotic arrangement, the magnetic-

rheological fluid does not provide significant resistance to the movement of the piston. 

Under the effect of the outer magnetic field, the liquid exhibits resistance to the 

movement of the piston, which is greater the more oriented particles it contains. It 

becomes possible to adjust the stiffness of the links when changing their length. This 

has a positive effect on the comfort of the exoskeleton. 

The position of the links in the mechanical model is determined by twenty 

variables and is clearly specified by angles i(t), i(t), i(t), and by the link sections 

with alterable length between pistons and bottoms of the cylinders BiDi = i(t). The 

control torques Mi, Mi, Mi applied to spherical hinges Аi-1 with ideal constraints are 

assumed to instantly developing the required force. Let’s consider the behavior of 

magneto-rheological fluid separately. The relative motion of pistons Di (i = 1,2,…,5) in 

the cylinders BiCi, filled with magneto-rheological fluid, results in the fluid viscosity 

change. This causes resistance change to the piston motion. The particles of magneto-

rheological fluid behave chaotically and the fluid does not exert significant resistance 

to the piston motion if the outer magnetic field is not exerted to it. Under the effect of 

external magnetic field, the fluid particles are arranged along the magnetic field lines. 

The magneto-rheological fluid viscosity is controllable by applying outer magnetic 

field which is implemented by conductors wound on the cylinder. The greater the 

number of arranged particles in the fluid, the greater resistance exerts the fluid to the 

piston motion. Hence, it is possible to adjust the stiffness of the links Аi-1Ai and АiAi+1 

in the process of their length change. The drag force, exerted by magneto-rheological 

fluid, is the function of the outer magnetic field strength, as follows: 
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In this formula: 
L

  – volume fraction of micron particles, n – the amount of grains 

in the series, nс – the maximal amount of grains in the series, 
n

 , …, 
n

  – kinetic 

factors, �  – the rate of the shear, f  – the magneto-rheological fluid viscosity,   – 

the angle between two vectors: one them is directed alongside the line passing through 

two micron particles centres, and the other one is the strength vector of the outer 

magnetic field. 

The positions of the links of the mechanism model depend on fifteen parameters. 

These are the angles 1(t), 2(t), 3(t), 4(t), 5(t), 1(t), 3(t), 4(t), 3(t), 4(t), 

providing the required movability of the links, similar to the person’s locomotion 

system. And the variable lengths of the sections of the links between the pistons and 

the bottom of the cylinders BiDi = i(t) (i = 1,2,…,5). Thus, the model of the 
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exoskeleton has 15 freedom degrees. The kinetic energy of the exoskeleton is 

calculated by integrating over all significant areas Ai-1Bi, BiCi, DiAi (i = 1,2,…,5). 
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Where: i – link number (i = 1,2); j – is the number of link parts, where j = 1 

corresponds to the lower sections A0B1 and A1B2, j = 2 corresponds to the rods with 

pistons D1A1 and D2A2, j = 3 corresponds to the cylinders B1C1 and B2C2; ij – the 

coordinate of an infinitely miniscule grain of the j-th inertial part of the i-th piece, ij –

the denseness of the j-th part of the i-th piece, mij = ijlij, Iij = ijlij3/3, mij, Iij, lij,–the 

mass, moment of inertia, and the length of the j-th part of the i-th piece, mp –the 

payload mass at point А3, 
2

3A
V  –the squared speed of point А2, 

2

ij
V  –the squared speed 

of an infinitely miniscule grain of the j-th part of the i-th link. 

The set of equations in differential form for the considered mechanism (figure 1) 

has been composed applying the second type of Lagrange equations. This system is not 

listed in this paper due to its cumbersomeness. Next, the laws describing the change of 

control torques, lengthwise forces, and external magnetic fields as functions of time 

can be obtained. These laws control the motion of the considered five-link exoskeleton 

model with links of alterable length stiffness. 

3. Results 

Solving the inverse dynamics problem, we obtain laws describing the change in 

longitudinal forces (figure 5) depending on time. These laws govern the movement of 

the proposed five-link exoskeleton model of variable length and adjustable rigidity. 

 

Figure 5. Time Dependences of Controlling Longitudinal Forces in Links of Variable Length. 

Knowing the values of the found longitudinal force during the movement of the 

exoskeleton, presented in figure 5, using formula (1) we find the strength of the outer 

magnetic field that controls the magnetic-rheological fluid rigidity. The obtained 

strength values of the applied outer magnetic field are created using coils wound on a 

cylinder with magnetic rheological fluid. Thus, it is possible to develop the required 

force and regulate the length alteration of the exoskeleton link for comfortable 

movement of a construction worker in it when carrying heavy loads and performing 

standard movements. 
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4. Discussion 

The numerical modeling of an exoskeleton for construction workers with five movable 

links of alterable length and rigidity confirmed the possibility of controlling the rigidity 

of the links by exerting an outer magnetic field. The magneto-rheological fluid 

viscosity becomes sufficient to create the force necessary for adequate functioning of 

the variable-length sections of the exoskeleton links. As a result of the study, it was 

established that the rigidity of links of variable length exoskeleton can be regulated 

using an outer magnetic field. The spatial model after refinement and prototyping, can 

be used for creating comfortable exoskeletons for people working on construction sites. 

5. Conclusion 

The work presents a three-dimensional exoskeleton with five variable-length links for 

workers on construction sites who carry heavy loads and perform typical labor actions 

for a long time. To increase the comfort of using the exoskeleton, a mechanism for 

changing the length of the exoskeleton link using magnetic rheological fluid is 

proposed. This allows you to control the rigidity of the exoskeleton link using an outer 

magnetic field. The scientific result obtained will lead to the creation of more 

comfortable exoskeletons for workers in comparison with currently existing models. 

These exoskeletons will be better synchronized with the worker’s musculoskeletal 

system. The factual originality of the study is that for the first time, an exoskeleton 

model with links of alterable length and rigidity, regulated by magneto-rheological 

fluid, has been proposed for construction workers. 
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