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Abstract: 

I built a back support exoskeleton that will support the user’s lower back when lifting 

heavy objects, and will also provide assistance in lifting these heavy objects. I used pieces of 

sheet metal, foam, a potentiometer, and a stepper motor in order to put together a supportive 

exoskeleton, which reduces lower back lumbar load. I also used an arduino and code in order to 

make the potentiometer and stepper motor work together. The design reduced back strain by an 

unknown factor, due to the lack of equipment needed to test it. The design however when tested 

on several operators was claimed to reduce personal back strain, making the design successful 

for most cases.  

Motivation: 

I first heard about exoskeletons from video games I play, such as Call of Duty and 

Fallout 4, and I was originally thinking I was going to be building something that would make 

you jump twice as high or run twice as fast. However, I realized this was not viable after doing 

some research and I found that the most advanced exoskeletons could not enhance the user’s 

running or jumping, but rather they serve to prevent injury and fatigue. I talked to my dad about 

my idea and he told me about how there are new developments of exoskeletons in the 

construction business. I researched more into the construction site exoskeleton and eventually 

came upon the design I have now. I hope my design and experiment will help improve and 

develop injury prevention exoskeletons for construction use and at home use.  

Introduction: 

Exoskeletons are a relatively recent development and are still in the research and 

development phase. The first exoskeleton was developed by General Electric in the 1960s, and it 

was called the Hardiman. It was a fully hydraulic and electric powered bodysuit, however, it was 

far too bulky and heavy to be used for any good purpose. A little bit after the Hardiman was 

developed the first exoskeleton for gait assistance (helping people walk) was developed at the 

Mihajlo Pupin Institute in Serbia. Research and development were continued on the gait 

exoskeletons in the U.S. at the University of Wisconsin Madison in the late 1970s. Technology at 

the time was limited and these exoskeletons took decades to finally be released on the market. At 

the beginning of the new century, gait exoskeletons were released into the world to help stroke 



patients and patients with injured spinal cords. An example of one of these exoskeletons was the 

Lokomat, which was released in 2001 and was used in hospitals worldwide. Although some 

exoskeletons were released for the market many are still under the development phase and 

currently many labs and companies are taking up the development of exoskeletons. The military 

is one of the major developers and they have created several prototypes aimed at increasing the 

user’s strength and endurance. Some examples of these are the Raytheon XOS exoskeleton, 

which is a full-body exoskeleton and the HULC, which was designed to help carry a heavy 

backpack. Through the years more improved gait exoskeletons have been developed and some 

even enabled users to get out of their wheelchairs and be able to walk. These exoskeletons 

included the Rewalk and the Indego. Around 2015 new applications for exoskeletons began to 

emerge. Research and development were now also being done on industrial exoskeletons rather 

than just military and medical ones. This new field of exoskeleton created a new branch for 

exoskeletons, which are passive exoskeletons. These exoskeletons have no actuators, meaning 

they have no powered parts, but rather use mechanics and kinematics to support the user’s 

payload and bodyweight. Other exoskeleton prototypes have been developed in recent years, but 

by far the most revolutionary was the soft shell exoskeleton prototype. These exoskeletons use 

soft robotic devices made mostly out of textiles, and they can be worn as clothes. They provide 

support through actuator cables and by soft lightweight actuators.  

Exoskeletons are still being developed and researched and the future of this technology 

can help many people. Exoskeletons have already made many big accomplishments. In 2014 an 

exoskeleton controlled by EEG (mind control) helped a paralyzed man kick-off the soccer ball in 

the Brazilian world cup. There have also been many other cases of paralyzed or crippled people 

being able to walk again. In the industrial field, many exoskeletons have helped prevent injury 

and I hope I can continue this research in my own project. 

 

 

 

 

 



Examples of early Exoskeletons: 

 

The design exoskeleton to the left was the first 

exoskeleton ever developed. It was named the 

hardiman by General electric. It was the first 

fully hydraulic and electric powered exosuit. 

And many designs after this suit were 

improvements and developments to this original 

design. 

 

The design to the right is the first gait 

exoskeleton developed by the Mihajlo Pupin 

Institute in Serbia. 

 
https://en.wikipedia.org/wiki/Hardiman                       https://pdfs.semanticscholar.org/6429/79685b829d2ee46540e2e7f3719c9c14447d.pdf 

 

The design to the left was one of the first military 

exoskeletons called the HULC, which helped soldiers 

carry heavier weapons and heavier backpacks when in 

combat.  

The design to the right is the most recent development in 

exoskeletons, which is an EEG controlled exoskeleton, 

which uses voltage sensors from the brain to be able to 

theoretically mind control the exoskeleton. The image is 

of a man who was paralized from his hips down being 

able to kick off the ball in the brazilian world cup.  

 

https://www.defensereview.com/lockheed-martin-hulc-human-universal-load-carrier-anthropomorphic-exoskeleton-for-future-military-special-operations-forces-sof-warfare-at-sofic-2012-video/                                                                   https://cacm.acm.org/news/176188-brain-power/fulltext?mobile=false 

 

Theory Of Design: 



Lumbar Structure: 

In order to understand how the exoskeleton will provide 

support for the lower back or lumbar joints, we must understand 

the lumbar structure. Everyone’s spine consists of 33 vertebrae, 

which function to support weight, protect internal organs, and 

provide motion. There are several types of vertebrae: cervical, 

thoracic, lumbar, sacral, and coccyx. When someone moves 

their lower body these vertebrae adjust and move in order to 

maintain balance. Put together these vertebrae provide a wide 

range of motion, however, a lot of movement and pressure on 

these vertebrae leads to injury, and these injuries are most 

common in the lumbar vertebrae when lifting heavy objects. The 

lumbar vertebrae are shown in figure 1 as L1-L5.  

 

 

Lumbar Lifting:                                                                                Figure 1 - Lumbar Structure 

Figure 2 depicts the force diagram of a human lifting a heavy object. M2 stands for the 

mass of the trunk part and head of the human body, M3 is the mass of human arm and hand, M4 

is the object’s mass, M5 is the mass of lower limbs of the human body and FN is the ground 

support force for the human body. When constructing the exoskeleton all these masses need to be 

put into account when calculating the desired torque and force needed to reduce lower lumbar 

stress.  

 



 

 

Figure 2 - Human Body Force Diagram    Figure 3 - Upper Body Force Diagram  

(Xu Yong, 2.2) 

Figure 3 targets the force diagram around the hip and waist joints. F1 is the force exerted 

on the waist and lower lumbar muscles. It is a combination of the force of gravity, the object and 

your own mass, then it is minus F2 the support force of the abdominals and hip joints. 

Combining our model above with the static equilibrium conditions we can create an equation to 

find F1 based on the mass of the load.  

Static Equilibrium: 

F1L6 + F2L7 - (m2L2 + M3L3 + m4L4)g = 0 

Solving for F1: 

F1 = ((m2L2 + M3L3 + m4L4)g - F2L7)/ L6 

(Reference Result section for sample calculation) 

Body mass and L values can be measured simply, but the force of the supporting 

abdominals could be a bit more challenging (F2). Therefore, I used previous studies L values 

body mass and supporting force to calculate an F1. I also used a 20 kg object for my m4. The F1 

for most people fell into the range of  2839 N–4732 N. When the weight of the object is 

increased past 20 kg the force increases causing more strain on the back muscles and leading to 



almost certain lumbar damage. To alleviate this damage the hip joint exoskeleton will provide 

additional assistance to the hip joints F2 to rival that of F1.  

The damage in the vertebrae is caused when your lower lumbar experiences a pulling 

force that strains and overwhelms the radius of motion of the lumbar vertebrae (Graph 1). When 

lifting heavy objects the flexion of the vertebrates is usually exceeded. The exoskeleton attempts 

to prevent the vertebrates from getting pushed out of their range of motion, which is calculated 

using the least square method.  

 

Graph 1 - Lumbar Flexion and Extension curve 

(Xu Yong, 2.1) 

Least Square Method: 

∑i = 15(xi2 + yi2 + Axi + Byi + C) 2 = 0 



Solving in terms of A B and C: 

∂/∂A=A∑xi2 + B∑xiyi + C∑xi + ∑x3i + ∑xiy2i= 0 

∂/∂B=A∑xiyi + B∑y2i + C∑yi + ∑x2iyi + ∑y3i= 0 

∂/∂C=A∑xi + B∑yi + C∑1 + ∑x2i + ∑y2i = 0 

Using Graph 1 above we can determine the y and x values. The graph is based on the 

average bending radius of adults, which is from about 19cm to 24 cm. These equations tell us the 

radius and center point of the lumbar extension and flexion circle and we can use these values to 

determine the angles at which our exoskeleton should bend forward and back.  

Mechanical Structure: 

The exoskeleton is designed to add additional support to the hip joints and prevent 

harmful extensions and flexions in the lumbar vertebrae. It does this through actuators, which are 

powered joints. The exoskeleton contains two motors that serve as actuators for the hip joints. 

The motors are both high torque in order to counter the previous force of around 2839 N–4732 

N. The motors work alongside a potentiometer, which serves as an angular encoder and a 

mechanical clutch to turn its rotational force into linear force. The motors are attached to a 

person's hips and the axle is then attached to a metal thigh beam. The thigh beam is fastened 

around the user’s leg. When the motor is activated force is exerted against your thighs and 

pushes your torso upwards. The clutch engages when the motor is activated binding the axle of 

the motor to the thigh piece. The clutch is not engaged when walking normally to allow the 

normal range of motion when walking. The design is also very light, so it does not add more 

force being exerted on the lumbar joints.  

Hip Joint: 

The hip joint is made up of a motor geared to reach its maximum torque, which needs to 

be around 64 N * m. The motors are activated by a variable resistor, known as a potentiometer, 

which will decrease in resistance as the user bends to pick something up then increase again as 

the object is getting lifting. This will trigger both the motor and mechanical clutch to activate and 

this will provide assistance and relief for the user’s lower back. 

 

 



 

 

 

Design: 

CAD: 

 

 

 



 

Circuit: 

My circuit involves a stepper motor, arduino, and potentiometer. The stepper motor is set 

up through a stepper motor driver and then connected to the arduino. The stepper motor works 

by having multiple coils called phases( ). These phases allow stepper motors to move in a precise 

motion and move only one increment at a time (a step). This is done by transitioning from one 

phase to another, pulling the axle of the motor forward one step then the next.  I used a 4 phase 

stepper motor because I did not need extremely small steps, but I needed more torque. I hooked 

up my stepper motor to the driver then to the arduino and created a code that would activate the 

steps one at a time in a fluid motion moving the motor forward. I then hooked up a potentiometer 

to the other side of my arduino. The arduino read the values off the potentiometer and I used 

those values to determine whether the motor spins or stays still. If the potentiometer values were 

increasing I wanted my motor to spin forward and when the potentiometer values were not 

changing or decreasing, I wanted the motor to stop moving. This made it so that when someone 

is bending down to pick up an object, the motor will turn off, and while they are lifting the object 



the motor will turn back on again, and any pauses or drops along the way will result in the motor 

shutting off again. To achieve this in code, I had to set a trend value equal to the current value 

minus the previous, and if the trend was negative or zero it means the motor would be off and 

when the trend was positive the motor would turn on. However the potentiometer values were 

not exact and would vary by a factor of two at a stand still position, so I had to add a rounding 

function to my code. The rounding function would round up any potentiometer value to the 

nearest 10th digit. So a value like 152 would become 160. However, there were still problems 

with this because when the potentiometer would reach a value that was a tenth digit number like 

160, so it would vary from 159 to 161, making the function round to 150 or 160, activating the 

motor. The only way to stop this was to make the number I was rounding to bigger, like to the 

nearest hundredth. This would not solve the problem, but it would make it less likely to happen, 

but increasing the number past ten would leave way too much of a variable gap, and the 

likelihood of a number being a tenth digit was already pretty low (around 10%). Also the user if 

feeling motor motion at a stand still position can move their position slightly up or down to get 

off the tenth digit potentiometer value.  

Arduino Code: 

#define stp 2 
#define dir 3 
#define MS1 4 
#define MS2 5 
#define MS3 6 
#define EN  7 
int potPin = 2;    // select the input pin for the potentiometer 
int ledPin = 13;   // select the pin for the LED 
int val = 0; // variable to store the value coming from the sensor 
int prev = 0; 
int trend = 0; 
int curr = 0; 
int x = 0; 
char user_input; 
int y; 
int state; 
 
void setup() { 
  pinMode(ledPin, OUTPUT); 
  Serial.begin(9600); 
  pinMode(stp, OUTPUT); 



  pinMode(dir, OUTPUT); 
  pinMode(MS1, OUTPUT); 
  pinMode(MS2, OUTPUT); 
  pinMode(MS3, OUTPUT); 
  pinMode(EN, OUTPUT); 
} 
void loop() { 
  curr = analogRead(potPin); // read the value from the sensor 
  Serial.print(curr); 
  Serial.print("..."); 
  x = ((curr+9)/10)*10; 
  Serial.print(x); 
  Serial.print ("..."); 
  if (x != prev){ 
    trend = x - prev; 
  } 
  if ( (x % 5) == 0);{ 
    digitalWrite(ledPin, LOW); 
  } 
  if (trend < 0){ 
    digitalWrite(ledPin, HIGH); 
    digitalWrite(dir, LOW); 
    digitalWrite(stp,HIGH); //Trigger one step forward 
    delay(1); 
    digitalWrite(stp,LOW); //Pull step pin low so it can be triggered again 
    delay(1); 
  } 
  if (x == 1024){ 
    digitalWrite(ledPin, LOW); 
  } 
  else { 
    digitalWrite(ledPin, LOW); 
  } 
  prev = x;  
} 
Flow Chart: 



 
Results: 

Concrete results for this experiment were extremely hard to come by, due to restricting 

circumstances. However I am going to detail out what results I would have calculated and what 

theoretical results were achieved. 

Did it reduce lower lumbar strain? 



In order to answer this question with concrete data I would have needed equipment that I 

could not get possession of. I first would need to have calculated the torque of my stepper motor 

attached to the exoskeleton limb. This would have been achieved by attacking a string to the end 

of the exoskeleton limb and to the end of a force sensor. The motor would then spin and the 

sensor would read the force or torque in newtons the motor was emitting. That value would be 

the supporting force of the exoskeleton.  

I would then take the supporting force and compare it to the force acting on a person's 

lower back carrying various different object masses to see how much assistance the exoskeleton 

provided. I would find the force acting on a person’s lower back using the calculation explained 

previously in the lumbar lifting section of the paper. I would need both force sensors and force 

meters in order to gather all the variables needed to calculate the lumbar lifting strain for myself. 

However, I calculated the lumbar lifting strain using theoretical data in order to demonstrate how 

much force is acting upon your back when lifting an object. 

Equation (Reference Figure 2 and 3) 

Static Equilibrium: 

F1L6 + F2L7 - (m2L2 + M3L3 + m4L4)g = 0 

Solving for F1: 

F1 = ((m2L2 + M3L3 + m4L4)g - F2L7)/ L6 

Variables:  

m4=20 kg(note this variable represents the load that is getting lifted, so it is subject to change) 

m3=.044m 

m2=.386m 

F2=.12mg 

L= .67 m (Measured distance from bottom of the neck to tailbone) 

g=gravity=9.807m/s 

α=how many degree down I bent to pick up object=around 25 degrees 

L2=0.43Lcosα=.26m 

L3=0.82Lcosα=.49m 

L4=Lcosα=.6m 



L6=.04m (measured) 

L7=0.15Lcosα=.09m 

F1 = (((.386)(.26) + (.044)(.49) + (20)(.6))(9.807) - (.12)(.09))/ .04 = 2971.72N 

*Note all L variables were calculated based off of my own body bent at around 25 degrees and 

most values are rounded* 

*Note all other variables are based off of previously done research from Xu Yong, Zefeng Yan, 

Can Wang, Chao Wang, Nan Li, and Xinyu Wu* 

If I were to have the amount of force the exoskeleton provided assistance with I would 

then create a new equation to calculate the new F1 with the exoskeleton boost. The equation 

would look like this: 

F1 = ((m2L2 + M3L3 + m4L4)g - (F2L7+Exoskeleton Torque))/ L6 

*Note I would also need to distribute the weight of the exoskeleton among the M3 and M2 

variables in order to achieve an exact F1 value* 

Once I found the new F1, I would use it to compare to the original F1 and use a percent 

change function to determine to what percentage the exoskeleton helped. From there I could 

make multiple graphs and data tables looking into different concepts. For example, increasing 

the weight of the object that is getting lifted and graphing it along the percent difference between 

the original F1 and the second F1 to see how the exoskeleton has diminishing efficiency as the 

objects get heavier. I could also look into how the height and weight of a person affects the 

exoskeleton's efficiency, by graphing weight or height against the percent change in F1’s.  

However, I was not able to do that, so I created a theoretical data table with the inputs 

from several participants.  

Table 1 - Theoretical Exoskeleton Results *note all participants were lifting same object* 

 Mom Dad Sister 1 Sister 2 Myself 

Weight 115 lbs 210 lbs 115lbs 110lbs 175 lbs 

Height 5’3’’ 6’ 5’4’’ 5’3’’ 5’11’’ 

How efficient 
on a scale of 
1-10? 

7 3 6 7 4 



 

Graph 1 

 

Graph 2 



Overall, the exoskeleton seemed to help participants lift items (Table 1). There also 

seems to be a trend between body weight and the efficiency of the exoskeleton, which is 

theoretically obvious because the heavier you are the greater your F1 will be due to increases in 

M2 and M3. Which will make the exoskeleton less efficient the heavier you are (Graph 1). There 

is also a trend between height and efficiency, which is also theoretically obvious because the 

taller you are the greater your L value is increasing your F1. This makes it so that the taller you 

are the less efficient the exoskeleton is (Graph 2). Even though both these trends are 

theoretically obvious no conclusion can be drawn, due to the sample size and the fact that one 

can not distinguish if weight or height or even both are causing the trend.  

Angle Vs. Torque 

In order to produce this graph the formula used before has to be implemented again. 

F1 = ((m2L2 + M3L3 + m4L4)g - F2L7)/ L6 

Only now substitutions must be made for all the variables and L2-7 must be returned to 

their original formulas. 

F1 = (((.386)(.43Lcosα) + (.044)(0.82Lcosα) + (20)(Lcosα))(9.807) - (.12)(.15Lcosα))/ .04 

I then plugged in L and simplified 

F1 = (((.111cosα) + (.024cosα) + (13.4cosα))(9.807) - (.012cosα))/.04 

Simplify 

F1 = (((1.08 + .235 +131.4) - .012)cosα)/.04 

Simplify 

F1 = 3317.575cosα 

Now this equation can be graphed to get lumbar load force on the y axis (Torque) vs. 

lumbar angle on the x axis (Angle). Note the graph has to have an angular constraint due to the 

fact that the average person can not bend forward past 60 degrees or bend back 25 degrees 

(Fitzgerald, 1).  



 

Graph 3 - Angle (x axis) (degrees)  vs. Torque (y axis) (Newtons) 

This graph shows that as you increase the angle at which you bend down torque goes 

down, but as soon as you start to rise torque begins to increase meaning that you need to have an 

exoskeleton increase torque as someone rises.  

Conclusion: 

Overall I believe my exoskeleton was a success. Although no concrete results were able 

to be determined off of the exoskeleton, I felt like it was achieving its purpose of providing some 

sort of lower back relief and support when lifting objects. I was not able to be sure of this and 

therefore, had to “feel” if my exoskeleton was helping support lumbar load. Due to no data being 

able to be collected most graphs and data are theoretical, like the angle vs. torque graph. If more 

resources and time were allocated towards an exoskeleton design like this one, I believe it could 

be useful and successful in real world applications, like on construction sites, or even at home 

heavy lifting.  

Next Steps: 

This exoskeleton design is still a prototype that can be improved upon in various aspects. 

The first way is the materials used. I was not able to get my hands on material that would have 

made this project a lot more sturdy and reliable. For example implementing an angular encoder 

rather than a potentiometer for more precision on angular measurements. I also would have used 

thicker metal pieces to create a more sturdy exoskeleton build, rather than having to layer sheets 

of metal. The next aspect of improvement would be actuating the second limb of my 



exoskeleton. Due to shipment errors I was not able to get my hands on another stepper motor, 

making actuating the second limb impossible. Finally, if more back relief and support was to be 

provided for this exoskeleton, I would have added high tension springs to the back of the 

exoskeleton for passive support and gears to increase the torque of the stepper motor.  
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