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Abstract: Biomechanics examines different physical characteristics of the human body movement by 
applying principles of Newtonian mechanics to physical activities. Therefore, undergraduate biomechanics 
courses are highly demanding in mathematics and physics. While the inclusion of laboratory experiences 
can augment student comprehension of biomechanics concepts, the cost and the required expertise 
associated with motion tracking systems can be a burden of offering laboratory sessions. In this study, we 
developed a mobile platform app to facilitate learning human kinematics in biomechanics courses. An 
optimized computer-vision model that is based on convolutional pose machine (CPM), MobileNet V2 and 
TensorFlow Lite frameworks is adopted to reconstruct human pose first. A real-time human kinematics 
analysis then allows students to conduct human motion experiments. The proposed app can serve as a 
potential instructional tool in biomechanics courses. 
 

INTRODUCTION 
 

Biomechanics is a common sub-discipline within 
movement science and human factors, which addresses the 
integration of functional musculoskeletal anatomy and 
mechanical physics (Hatze, 1974; Knudson, 2010). It analyzes 
human body movement by applying principles of Newtonian 
mechanics to physical activities to avoid injury and/or enhance 
performance. To date, there have been a number of novel 
developments in new technologies used in the biomechanical 
analysis (Hamill et al., 2021). Nearly all undergraduate 
movement science students are required to complete one 
biomechanics course prior to graduation (Hamill, 2007; Munro, 
2012; Riskowski, 2015). However, as courses in biomechanics 
are highly demanding in mathematics and physics, many 
undergraduates often fear and delay taking their required 
biomechanics course, even though they involve necessary 
biomechanical concepts in their future professions (Garceau et 
al., 2012; Hsieh, et al., 2012).  

To help students overcome the anxiety toward this subject 
matter, biomechanics instructors must develop a student-
centered teaching method to teach course content more 
effectively. Previous studies have suggested that the inclusion 
of laboratory experience improves learning outcomes in 
biomechanics (DiCecco et al., 2007; Knudson et al., 2009; Full 
et al., 2015) due to the self-reference effect (Symons & Blair, 
1997) and self-efficacy theory (Wallace & Kernozek, 2017). 
Students’ learning performance can be enhanced through 
laboratory experiments by integrating abstract concepts from 
lectures and real-life examples via hands-on experiences. Yet it 
has been reported that only 62 % of biomechanics courses were 
offered laboratory sessions (Garceau et al., 2011) since 
implementing laboratories into biomechanics curriculums is 
difficult due to cost and time constraints. For example, an 
optical marker-based motion tracking system is a general 
device for researchers to assess human kinematics. Such a 
system can obtain three-dimensional coordinates of markers 
that are attached to one’s body in a laboratory environment. 
Then the joint angular velocity and acceleration can be further 

calculated using the marker coordinates (Skals et al., 2021). 
However, adopting a motion tracking system into an 
undergraduate course sometimes can be less practical due to its 
high cost, bulky size, and required expertise.  

Depth sensors, such as Microsoft Kinect and Intel 
RealSense, are a potential solution for biomechanics education 
because they are low-cost, portable, and generally accurate in 
pose reconstruction. In one study, shoulder kinematics during 
computer use was captured by a depth sensor for office 
ergonomics assessment (Xu et al., 2017). In another study, 
upper-limb gestures in healthy people and post-stroke patients 
were evaluated by a depth sensor (Scano et al., 2019). However, 
the coverage area of depth sensors is limited (Shum et al., 2013; 
Han et al., 2013), and the accuracy can be affected by the 
lighting condition of the environment (Azzari et al., 2013). In 
addition, the hardware setup can be complicated for less tech-
savvy people.  

With researchers’ continuous efforts and innovations on 
deep neural networks, computer-vision-based pose estimation 
methods have emerged as a promising approach to enable real-
time human kinematics analysis. For example, OpenPose, an 
open-source library, can detect 2-D and 3-D anatomical 
landmarks positions with convolutional neural networks trained 
from single images (Cao et al., 2021). The only hardware 
required would be a webcam together with a computer with a 
high-performance graphic processing unit (GPU). A recent 
study assessed 3-D lower limb angular kinematics of healthy 
people walking on a treadmill by processing two synchronized 
videos in OpenPose (D’Antonio et al., 2020). The reliability 
and validity of the computer-vision method have also been 
verified during bilateral squat motion (Ota et al., 2020). 
Nevertheless, a computer with a high-performance GPU can 
still be a burden for biomechanics course experiments because 
of its high cost and low portability. 
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I d e all y, m o bil e d e vi c e s, s u c h as t a bl ets a n d s m art p h o n es, c a n 
a d dr ess  t h e  c h all e n g e s  m e nti o n e d  a b o v e  b e c a us e  t h e y  ar e  
aff or d a bl e, p ort a bl e, a n d i nt er a c ti v e. W hil e t h e c o m p ut ati o n al 
p o w er  of  m o bil e  d e vi c es  is  t y pi c all y n ot  as  g o o d  as  a  hi g h-
p erf or m a n c e  G P U,  r e s e ar c h er s  h a v e  d e v el o p e d  s e v er al  
a d v a n c e d  c o m p ut er- vi si o n  al g orit h ms  f or  m o bil e  d e vi c e  
d e pl o y m e nt. F or e x a m pl e, G o o gl e l a u n c h e d t h e M o bil e N et a n d 
T e ns orfl o w Lit e fr a m e w or ks ( H o w ar d et al., 2 0 1 7; A b a di et al., 
2 0 1 6). T e ns orfl o w Lit e pr o vi d e s i nt er pr et er m o d ul e s t h at c a n 
a d a pt diff er e nt si z es of i n p ut s t o h el p m o bil e t er mi n al s o pti mi z e 
t h e tr ai n e d n et w or k m o d el a n d p erf or m l o c al c al c ul ati o ns o n 
h u m a n p os e esti m ati o n. C o nsi d eri n g m o st m o bil e d e vi c es al s o 
c o m e wit h a n e m b e d d e d c a m er a, t h er e is a g o o d p ot e nti al t o 
o nl y  us e  a  m o bil e  d e vi c e  as  a n  i nstr u cti o n al  t o ol  of  
bi o m e c h a ni cs  c o ur s e s  t o  h el p  st u d e nts  g ai n  l a b or at or y  
e x p eri e n c e i n h u m a n ki n e m ati cs. 

I n t his st u d y, w e ai m t o d esi g n a n A n dr oi d- b a s e d m o bil e 
a p p  n a m e d  M o bil e  Bi o m e c h a ni cs  L a b or at or y  ( M O B L)  t h at  
c o ul d b e a p pli e d t o u n d er gr a d u at e bi o m e c h a ni cs c o ur s es. Wit h 
s m art p h o n es  or  t a bl ets,  st u d e nts  ar e  a bl e  t o  pr a cti c e  a n g ul ar  
ki n e m ati c s  a n al ysi s  o n  s e v er al  b o d y  s e g m e nt s  i n  r e al-ti m e.  
B el o w,  t h e  m et h o d  s e cti o n  i ntr o d u c es  t h e  o v er all  a p p  
ar c hit e ct ur e a n d t h e u n d erl yi n g c o m p ut er- visi o n al g orit h ms; t h e 
r es ult  s e cti o n  s h o ws  t h e  a n al y z e d  h u m a n  ki n e m ati cs  d at a  
dis pl a y e d i n t h e us er i nt erf a c e; t h e dis c us si o n s e cti o n dis c us s es 
t h e i d e a s t o utili z e t his a p p i n a ct u al bi o m e c h a ni c s c o ur s e s as 
w ell a s t h e f ut ur e w or k. 

 
M E T H O D S 

 
S yst e m O v e r vi e w 
 

T h e a p p f oll o ws a t hr e e-ti er ar c hit e ct ur e t h at c o nsist s of a 
c o m p ut er- vi si o n  al g orit h m,  a  us er  i nt erf a c e,  a n d  a  d at a b as e.  

I m a g e  i nf or m ati o n  is  c oll e ct e d  a n d  pr o c e ss e d  t hr o u g h  t h e  
c o m p ut er- vi si o n al g orit h m t o pr e di ct j oi nt l o c ati o ns. K e y j oi nt 
l o c ati o ns ar e t h e n us e d f or f urt h er a n g ul ar ki n e m ati c s a n al ysis. 
R e g ar di n g t h e us er i nt erf a c e, us ers c a n vi e w v ari o us ki n e m ati cs 
d at a  f or  a  s el e ct e d  j oi nt  i n  r e al-ti m e.  Fi g ur e  1  ill ustr at es  t h e  
s yst e m’ s  d at a o v erfl o w, w hi c h i n cl u d es t w o m aj or c o m p o n e nts: 
2- D p os e esti m ati o n a n d a n g ul ar ki n e m ati cs a n al ysi s. T h e i n p ut 
is t h e R G B i m a g e s c a pt ur e d b y a m o bil e d e vi c e, a n d t h e o ut p ut s 
ar e t h e j oi nt ki n e m ati c s of a s el e ct e d j oi nt. 
 
2 D P o s e Esti m ati o n  
 

N ot e  t h at  r e al-ti m e  3- D  p os e  r e c o nstr u cti o n  wit h  d e e p  
n e ur al  n et w or ks  o n  m o bil e  d e vi c es  r e m ai ns  c o m p ut ati o n all y  
c h all e n gi n g. T h er ef or e, i n t his st u d y, p os e esti m ati o n is tr e at e d 
as  a  2- D  r e gr es si o n  pr o bl e m.  T h e  i n p ut  R G B  i m a g e s  ar e  
r e pr es e nt e d b y a s eri e s of × × 3  m atri c es w h er e   a n d  
ar e d et er mi n e d b y t h e r es ol uti o n of t h e r a w i m a g e a n d r e pr es e nt 
t h e n u m b er of r o ws a n d c ol u m n s of pi x el s, r es p e cti v el y. F or 
e a c h pi x el, a 3- D v e ct or r e pr es e nts R G B c ol or c h a n n el s ( R-r e d, 
G- gr e e n,  B- bl u e).  T h e  o ut p uts  ar e  t h e  pr e di ct e d  2- D  j oi nt  
l o c ati o ns of a n u m b er of k e y j oi nts o n t h e i m a g e pl a n e. E a c h 
k e y p oi nt is a 2- D v e ct or ( , ), r e pr es e nti n g its 2- D c o or di n at e 
o n t h e i n p ut i m a g e. Wit h a c o nsi d er ati o n t h at t h e k e y p oi nts 
m u st  p oss e ss  c ert ai n  disti n g ui s h a bl e  a n d  i n v ari a nt  i m a g e  
f e at ur es,  s u c h  as  s c ali n g  a n d  vi e wi n g  a n gl e  r ot ati o n  u n d er  
diff er e nt  c o n diti o n s  ( L o w e,  2 0 0 4),  1 4  k e y  p oi nts,  i n cl u di n g  
s h o ul d er, el b o w, a n d wri st, ar e s el e ct e d t o arti c ul at el y r e pr es e nt 
h u m a n p os es u n d er diff er e nt c o n diti o ns ( Fi g ur e. 2).  
Tr a diti o n al  c o n v ol uti o n al  n e ur al  n et w or k  ( C N N)- b as e d  p os e  
d et e cti o n  al g orit h ms  ar e  n ot  s uit a bl e  f or  m o bil e  a p pli c ati o n  
d e v el o p m e nt a s t h es e al g orit h ms d e m a n d hi g h c o m p ut ati o n al 
c a p a bilit y.  I n  t his  st u d y,  w e  a d o pt e d  a  d e e p  l e ar ni n g  m o d el  
b a s e d o n c o n v ol uti o n al p o s e m a c hi n e s ( C P M) ( W ei et al., 2 0 1 6) 

Fi g ur e 1. S yst e m o v er vi e w. T h e i n p ut i s t h e i m a g es c a pt ur e d i n  t h e a p p; t h e o ut p ut s ar e t h e sel e ct e d j oi nt a n gl e a n d a n g ul ar v e l o cit y. 
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a n d  c o n v ert e d  it  t o  t h e  T e ns orfl o w Lit e  m o d el  t o  d et e ct  k e y 
p oi nts  t hr o u g h  t h e  a p p.  A n  i n v ert e d  r e si d u al  wit h  a  li n e ar  
b ottl e n e c k m o d ul e ( als o k n o w n a s M o bil e N et V 2) is a d o pt e d 
f or  r e al-ti m e  i nf er e n c e  ( S a n dl er  et  al.,  2 0 1 8).  I nst e a d  of  
a p pl yi n g n or m al c o n v ol uti o n, t his m et h o d p erf or ms a s e q u e n c e 
of d e pt h- wi s e s e p ar a bl e c o n v ol uti o ns i ntr o d u c e d i n M o bil e N et 
V 2 t o i m m e n s el y r e d u c e t h e n u m b er of c o m p ut ati o ns ( C h oll et, 
2 0 1 7). M or e o v er, t h e i n p ut i m a g e i s r e s h a p e d i nt o 1 9 2 × 1 9 2 × 
3 at t h e first st e p a n d t h e n c o n v er t e d t o i m a g e f e at ur es t o f urt h er 
r e d u c e  t h e  c o m p ut ati o n al  c o st.  I n  t h e  n e ur al  n et w or k,  t h e  
i nf er e n c e d  k e y  p oi nt s  w er e  s h o w n  as  a  h e at m a p  aft er  e a c h  
c o n v ol uti o n pr o c ess. Wit hi n e a c h r e p e at e d st a g e, t h e h e at m a ps 
i m pr o v e d c o nfi d e n c e f or s p ati al d et e cti o n o v er j oi nt l o c ati o ns 
a n d pr o vi d e d b ett er esti m at e s f or l o c ali z ati o n of k e y p oi nts l at er 
o n. B y fitti n g t h e fi n al h e at m a p t o a n a v er a g e filt er, it t a k es t h e 
m a xi m u m v al u e fr o m t h e c o nfi d e n c e m a p f or e a c h k e y p oi nt 
a n d esti m at es t h e 2- D c o or di n at e s of t h e 1 4 k e y j oi nts. 
 
Ki n e m ati c s A n al ysi s 

 
T h e  c urr e nt  st u d y  f o c us e s  o n  j oi nt  a n g ul ar  ki n e m ati cs  

a n al ysis a n d pr es e nt ati o n. Fi g ur e 3 s h o ws t h e ar c hit e ct ur e of t h e 
a n g ul ar  ki n e m ati cs  e sti m at or.  T h e  i n p ut s  ar e  t h e  k e y  p oi nt  
c o or di n at es  fr o m  t h e  p os e  e sti m ati o n  pr o c ess.  Aft er  a  us er  
s el e cts  a  s p e cifi c  j oi nt,  t h e  esti m at or  will  c h o o s e  t h e  
c orr es p o n di n g  c o or di n at es  a n d  c al c ul at e  j oi nt  a n gl es  b y  
esti m ati n g t h e a n gl e b et w e e n t w o b o d y s e g m e nt s. C urr e ntl y, t h e 
pr o p os e d  a p pli c ati o n  c a n  c al c ul at e  a n gl es  f or  el b o w  
fl e xi o n/ e xt e nsi o n  ( E F/ E),  s h o ul d er  a b d u cti o n/ a d d u cti o n  

( S A/ A), a n d tr u n k l at er al b e n di n g ( T L B). L et  d e n ot es t h e 2-
D c o or di n at e of  k e y p oi nt a n d  d e n ot e t h e b o d y s e g m e nt 

fr o m t h e  k e y p oi nt t o t h e  k e y p oi nt. L et a n gl e( , ) 

r e pr es e nt t h e a n gl e b et w e e n t h e t w o b o d y s e g m e nts w hi c h c a n 
b e  c al c ul at e d  b y  usi n g  ar c c os  f u n cti o n  a n d  v e ct or  
m ulti pli c ati o n. T h e j oi nt a n gl e s c a n b e d efi n e d as: 

                   / = ( , )                           ( 1 )  
                 / = ( , )                        ( 2 )  
                  / = ( , )                                ( 3 )  
                 / = ( , )                          ( 4 )  

    = ( + − ( + ) ), ( 0, 1 )       ( 5 )  

N ot e t h at t h e e sti m at e d 2- D c o or di n at es d o n ot i n cl u d e a n y 
d e pt h i nf or m ati o n.  T h us,  t h e  p ers o n b ei n g c a pt ur e d  n e e ds  t o  
f a c e t h e c a m er a wit h o ut tr u n k r ot ati o n. 

N e xt, t h e s yst e m us e s t h e e sti m at e d j oi nt a n gl e s ( ) a n d t h e 
c orr e s p o n di n g  ti m e  ( )  f or  a n g ul ar  v el o cit y  c al c ul ati o n.  T o  
d e n ois e, t h e j oi nt a n gl e s ar e fir st filt er e d b y a wi dt h = 5 m o vi n g 
a v er a g e wi n d o w. T h e a n g ul ar v el o cit y at T = k is gi v e n b y: 

             =
∆

∆
       ( 6 )  

T h e j oi nt a n gl e a n d t h e a n g ul ar v el o cit y at e a c h ti m e i nst a nts 
ar e t h e n pl ott e d i n t h e us er i nt erf a c e.  

 
R E S U L T S 

 
W e  h a v e  d e pl o y e d  t h e  pr o p os e d  a p p  o n  a  S a ms u n g  S 7  

t a bl et  wit h a  Q u al c o m m S D M 8 6 5  Pr o  pr o c ess or.  A “ m o d el ”  
w a s  as k e d  t o  f a c e  t h e  t a bl et’s  b a c k  c a m er a  wit h o ut  tr u n k  
r ot ati o n. M e a n w hil e, a “ us er ”  c h os e a pr o p er dist a n c e fr o m t h e 
m o d el t o c a pt ur e t h e m o d el’s w h ol e b o d y ( Fi g ur e 4). Fi g ur e 5 
s h o ws t h e us er i nt erf a c e w h er e all 1 4 k e y p oi nts ar e dis pl a y e d 
wit h diff er e nt c ol ors. Fi v e b u tt o ns ar e pl a c e d at t h e b ott o m of 
t h e i nt erf a c e, i n di c ati n g a n g ul ar ki n e m ati c s a n al ysi s of diff er e nt 
j oi nts  of  i nt er est.  Fi g ur e  6  pr o vi d e s  s cr e e ns h ots  of  a  
r e pr es e nt ati v e  tri al i n w hi c h t h e m o d el  r e p e at e dl y p erf or m e d 
ri g ht f or e ar m fl e xi o n/ e xt e n si o n i n t h e c or o n al pl a n e. 
 

DI S C U S SI O N 
 
P ot e nti al A p pli c ati o ns 

 
Wit h t hi s pr o p o s e d m o bil e a p p f or a n al y zi n g b a si c h u m a n 

ki n e m ati cs, w e c a n d e v el o p a c urri c ul u m m o d ul e t h at f a cilit at es 

Fi g ur e 2. I n d e xi n g f or t h e 1 4 k e y p oi nts. 1- h e a d; 2- n e c k; 3-
ri g ht s h o ul d er; 4-ri g ht el b o w; 5-ri g ht wri st; 6-ri g ht hi p; 7- 
ri g ht k n e e; 8-ri g ht a n kl e; 9-l eft s h o ul d er; 1 0-l eft el b o w; 1 1-
l eft wrist; 1 2- l eft hi p; 1 3-l eft k n e e; 1 4-l eft a n kl e.  

Fi g ur e 3. A n g ul ar ki n e m ati c s esti m at or 
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the education of undergraduate biomechanics concepts. For 
example, the curriculum module could first show a short 
animation during which a virtual instructor guides students to 
illustrate the placement of the mobile device camera and 
perform certain activities. Next, the computer vision algorithm 
recognizes the human body, reconstructs the pose, and overlaps 
the reconstructed pose on the model’s image. Then the 
curriculum module will automatically calculate basic 
descriptive statistics of all measured kinematic variables (e.g., 
peak, quantiles, ranges, and distribution patterns) within and 
across all activities performed. In data science, basic descriptive 
statistics provide exploratory and knowledgeable insights of 
data. Thus, these statistics could further augment students’ 
comprehension of the scale of human kinematics variables.  

 

Limitation and Future Work 
 

There are a few limitations that need to be discussed. First, 
the computer-vision algorithm we adopted is originally 
developed for capturing a single person without a view block. 
Pose reconstruction can be inaccurate when other objects block 
the body segments, or the camera captures multiple persons 
simultaneously. Second, due to the computational cost of 
processing 3-D poses in mobile devices, the current app is 
unable to reconstruct 3-D poses from the images and thus 
unable to perform joint kinematics analysis for 3-D joints, such 
as the glenohumeral joint. Third, to what extent the knowledge 
that students can gain through this app has not been examined. 
In future work, additional biomechanical analysis covered in 
undergraduate courses, such as gait analysis and the center of 
mass (COM) calculations, can be added into this app. In 
addition, the app performance in knowledge transfer needs to 
be further quantitatively investigated.  

 
CONCLUSION 

 
This study presented a mobile platform app that performs 

angular kinematics analysis based on real-time captured videos. 
It allows undergraduate students to conduct biomechanics 
experiments without using a high-cost laboratory equipment. 
While additional learning modules and functions can be 
introduced into this app in the future, the current app can be 
used as a potential instructional tool in biomechanics courses.   
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Figure 4. A scenario that a user launches MOBL to detect a 
model’s joint kinematics data.  

Figure 5. A screenshot of the user interface. The legends of 
14 key points are displayed at the center-left. The bottom 
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