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ABSTRACT: It can be claimed that understanding kinematically and dynamically how two humans physically 

collaborate while naturally performing object handover tasks is so crucial and can be used as guidelines in seamless 

human-robot interaction. This paper investigates the human behavioural responses in human-to-human object 

handover tasks under changing the object’s mass, in which the interactive force between the humans and the object 

displacement are simultaneously measured in real-time. The results contribute the handover sequences 

distinctively categorized into three phases, i.e. sending, transfer and receiving postures, where the giver agent 

primarily decides to release the object. The interactive force analysis and the suitable transfer point between the 

giver and receiver have been carried out. Additionally, to be a better understanding of human dynamic 

characteristics, MJT and ARX model have been mathematically implemented. These paradigm findings will be 

useful for developing a robotic behaviour-based approach in seamless human-robot handovers in future.  

KEYWORDS: Human-robot interaction; Human-human interaction; Minimum Jerk Trajectory (MJT); Auto-

Regressive Exogenous (ARX); Human arm impedance model  

INTRODUCTION  

Robots have been widely developed over the last decades to meet the requirements of improving productivity, 

quality, accuracy, and reliability in the industry. Subsequently, interest in human-robot interaction (HRI) has 

tended to increase significantly. One of the most interesting applications for service robots is handing over objects 

as it occurs frequently for cooperative robots – i.e. handling a mechanic tool to a technician, passing out a bottle 

of water to a human or deliver medicines to a patient. A crucial challenge is to successfully establish a framework 

for seamless human-robot object handover (HRH), in which a human and robot are jointly working together to 

complete a safe and efficient handover task. In object handovers, the handler is defined as an agent who holds an 

object and passes it to another. The receiver who receives the object is an agent who starts pulling the object and 

takes responsibility for the object throughout the transferring process.  

The researchers postulated that the understanding of the kinematics and dynamics of human-human interaction 

(HHI) is fundamental in designing an effective HRI system [1-2]. A recent study identified human preferences for 

arm-base movement in the handover and they found that almost people were preferable service robots offering 

object handover in front of them [3]. Minimum jerk-based profile was successfully used in the robot to emulate 

human trajectory behaviour [4]. Additionally, as reviewed, it can be claimed that the object should be held firmly, 

and during a transfer phase, the object should be in its initial orientation to allow the receiver to grasp it easily as 

viewed previously [5]. Mason and Mackenzie studied the grip force magnitude during human-to-human object 

handover (HHH). Their somatosensory systems have to be categorised into synchronizing transfer communication, 

and the controlled grip forces are significantly in response to changes in load of the transferred object. As reviewed, 

almost robotic studies have focussed on the handover kinematics; however, there are so few of them that have 

analysed the dynamics of interactive force analysis during HHH.  

Dong-Yang Robotic Team from Prince of Songkhla University, Thailand, will be participated in the international 

service robot competitions of the World Robot Summit (WRS), which is scheduled to be held in 2020 in Japan. In 

the contest, the Human support robot (HSR) shown in Fig. 1(a) has been used at the Domestic Standard Platform 

mailto:paramin.n@psu.ac.th
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League (DSPL) of a home service robot. The HSR has been developed and considered as a high technology helper, 

particularly for peoples with disabilities or elderly in their activities of daily living, i.e. remote care support, 

housework support, independent living support or object fetch-and-delivery tasks. One of the challenging home 

service tasks is object handover, in which the robot has to pick up an object from a floor or a desk and handover it 

to a receiver in a safe and timely manner.  

 

(a)                                    (b) 

Figure 1. (a) Configuration and workspace of the HSR; (b) HSR object handover [10]. 

To successfully develop an appropriate set of behaviour strategies for HRI control framework in human-to-robot 

object handover (HRH), it can be adopted by first understanding the dynamics and kinematics of an equivalent 

HHH task. This research aim is to develop a conceptual guideline for a robotic human-like control strategy in 

human-robot object handover using the HSR depicted in Fig. 1(b). To successfully achieve the goal mentioned, 

the following objectives of this study are: 

1) To examine the human behavioural sequences of the object handover and analyse how the participant 

pair realizes the transfer point between them while executing the object handover task, 

2) To understand the behavioural strategies of the givers and receivers in the transfer phase by dynamically 

evaluating the interactive forces between the pair under the different masses, and 

3) To mathematically estimate the characteristic model of the giver’s arm and perceive how the giver 

regulates the bilateral force before releasing the object to be transferred to the receiver.  

The following sections describe how to successfully adopt the goal as mentioned, consisting of Section 2 that 

explains the experimental design and force analysis of the HHI object handover tasks, Section 3 that presents the 

results and their evaluation of the tests, and finally Section 4 representing the conclusion of this study.  

HUMAN-HUMAN OBJECT HANDOVER TASKS 

Experimental design    

A set of HHH tests has been carried out to investigate handover kinematics (how the giver and receiver behave 

during performing the cooperative task) and the HHI dynamics involved physical interactive force responses 

throughout the transfer process. The design of this HHI test relates to the real-world HHH situations, where the 

giver dexterously passes an object to the receiver in a timely and natural manner without any types of 

communication. To obtain the goal stated in the previous section, a set of ten right-handed participant pairs was 

selected to perform all assigned handover tasks to the best of their capacity. They have to grasp the object using 

one hand, and twisting the object is not allowed. The object was fabricated as a bottle-shaped object with 60mm 

diameter, 270mm length and a total mass 0.25kg shown in Fig. 2(a). Its moment of inertia can be modified by 

adding a set of masses, and the total load capacity can be increased from 0.25kg to 0.55kg with 0.1Kg resolution.  
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To measure the interactive forces between the couple, an ATI mini40 multi-axis force sensor was installed in the 

middle of the bottle, whose ranges of the measurement is ±80N with 0.02N resolutions. The ATI-Net-F/T 

controller offers the precise quantification of the strain gauge signals and can communicate to a ROS computer 

using the TCP/IP communication package. The HSR-3D-depth sensor attached to the robot’s head was utilized to 

visually track the object position and corresponding velocity profiles as illustrated in Fig. 2(b). The set of data is 

then sent to the external (ROS) PC via wireless or wired LAN. The software architecture was mainly constructed 

under the Robot Operating System (ROS), in which all sub-programs have to be running synchronously and strictly 

enforced with a fixed communication rate. The overall schematic diagram of the proposed HHH system is depicted 

in Fig. 3.  
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(a)                        (b) 

Figure 2. (a) Designed object; (b) Experimental setup of the HHH task. 
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Figure 3. Schematic diagram of the system data acquisition. 

According to the HHH procedure, ten participant pairs were undertaken five repetition sets of each handover test 

under all weight-variable conditions. First, the giver is commanded to grasp and hold the bottle in the upright 

position. He/she has to walk directly to a transfer area (in front of the receiver) and passes the object horizontally 

to the receiver without verbal communication. After the object being naturally passed, it is then manipulated to the 

endpoint by the receiver. In the meantime, the object displacement, velocity and interactive force profiles were 

simultaneously captured throughout the executed process. The evaluation of the HHH information was detailed in 

Session 3.  

Force analysis   
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Figure 4. (a) Human arm impedance model while holding the object; (b) Free body diagram of the object. 

Before analysing the bilateral force signal in the real object transfer phase (written in Subsection 3.3), it requires 

the basic concepts of the force analysis of the HHH test.  The mathematical models of the handler and receiver 

forces can be conveyed in their simplest forms using the same mechanical modelling diagram shown in Fig. 4(a). 

It assumes that the haptic interactive behaviour is based on the movement of the object, in which the human applied 

force is represented by fh. The human arm impedance is made up of mass m, stiffness k and damping factors c, and 

𝑥, �̇� and  �̈� are object displacement, and its corresponding velocity and acceleration respectively. Therefore, a 

model of handler/receiver human arm dynamics can be derived as the following equations: 

𝑓ℎ(𝑡) = 𝑚(𝑡)�̈�(𝑡) + 𝑐(𝑡)�̇�(𝑡) + 𝑘(𝑡)𝑥(𝑡) (1) 

Equation (1) can be transformed into discrete-time values measured at every sampling time T with the individual 

discrete number samples represented by n as given by:    

𝑓ℎ(𝑛) = 𝑚(𝑛)�̈�(𝑛) + 𝑐(𝑛)�̇�(𝑛) + 𝑘(𝑛)𝑥(𝑛) (2) 

By assuming that:        

 �̇�(𝑛) =

[
𝑥(𝑛)−𝑥(𝑛−1)

𝑇
],  (3) 

And that:  

�̈�(𝑛) = [
�̇�(𝑛)−�̇�(𝑛−1)

𝑇
].   (4) 

Subsequently, substituting �̇�(𝑛) and �̈�(𝑛) in Equation (2) gives 

𝑓ℎ(𝑛) = 𝑚(𝑡) {[
𝑥(𝑛)−𝑥(𝑛−1)

𝑇2 ] − [
𝑥(𝑛−1)−1

𝑇2 ]}  + 𝑐(𝑡) [
𝑥(𝑡)−𝑥(𝑛−1)

𝑇
] + 𝑘(𝑛)𝑥(𝑛),   (5) 

or            

𝑓ℎ(𝑛) = 𝑎1𝑥(𝑛) + 𝑎2𝑥(𝑛 − 1) + 𝑎3𝑥(𝑛 − 2),  (6) 

where, 𝑎1 = [
𝑚(𝑛)+𝑐(𝑛)+𝑘(𝑛)𝑇2

𝑇2 ],  𝑎2 = [
−2𝑚(𝑛)−𝑐(𝑛)

𝑇2 ], and 𝑎3 = [
𝑚(𝑛)

𝑇2 ]. 

The haptic interaction is considered as the negotiation of the position trajectory (x) of interactive forces between 

the giver and receiver (𝑓𝑔and𝑓𝑟) via the object. The interactive forces in x- and y-axes are 𝑓𝑖𝑛𝑡
𝑥 and𝑓𝑖𝑛𝑡

𝑦
. The measured 

forces by the ATI force sensor in both axes in real-time are defined as 𝑓𝑚𝑒𝑎𝑠
𝑥  and𝑓𝑚𝑒𝑎𝑠

𝑦
. It is noted that before 

starting the handover test the object was placed at the home position (standing upright), and the force sensor 

executed the bias function for a zero reference reading. Therefore, the dynamic force analysis can be explained 

using the free body diagram depicted in Fig. 4(b). Considering the physical interaction force in the x-axis direction 

gives: 

𝑓𝑖𝑛𝑡
𝑥 = 𝑓𝑚𝑒𝑎𝑠

𝑥 (𝑡) = 𝑓𝑔(𝑡) − 𝑓𝑟(𝑡) (7) 

By considering the force analysis in the y-axis direction (𝑓𝑖𝑛𝑡
𝑦

), a set of pilot tests were carried out to initially 

examine the dynamic physical force response along this direction, and it was found that the variation in the 𝑓𝑖𝑛𝑡
𝑥 was 

too small compared to the total weight (𝑓𝑚𝑔) of the object. Hence, the set of experiments was initially categorized 
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in a quasi-static handover process in the y-direction, in which 𝑓𝑚𝑔is equivalent to the sum of holding upright forces 

from the giver (𝑓𝑔
𝑦

) and the receiver (𝑓𝑟
𝑦

) as exposed in the following equations.   

 𝑓𝑚𝑔(𝑡) = 𝑤1(𝑡) + 𝑤2(𝑡) + 𝑤𝑠(𝑡), (8) 

and  𝑓𝑚𝑔(𝑡) = 𝑓𝑔
𝑦(𝑡) + 𝑓𝑟

𝑦(𝑡)           .     (9) 

The physical interactive force (𝑓𝑖𝑛𝑡
𝑦

) in the dynamic handover process is calculated based on the receiver reference 

as the following equation, where the 𝑓𝑏𝑖𝑎𝑠  was initially set to 𝑤1at the early stage (𝑓𝑏𝑖𝑎𝑠 =  𝑤1).    

𝑓𝑖𝑛𝑡
𝑦 (𝑡) = 𝑓𝑚𝑒𝑎𝑠

𝑦 (𝑡) − 𝑤𝑠(𝑡) − 𝑤2(𝑡) − 𝑓𝑏𝑖𝑎𝑠(𝑡), (10) 

TEST RESULTS AND EVALUATION OF HUMAN-HUMAN OBJECT HANDOVER 

The tests results can be analysed and categorized into three groups as follows: Subsection 1 that explains the 

sequence of the object handover pattern and the hand movement trajectory of the giver in the handing phase, 

Subsection 2 that identifies the locations of the object between each couple in the transfer phase, which have 

confirmed to be affected by the individual's height and finally Subsection 3 details how to estimate mathematically 

the behavioural characteristics of the giver to regulate the bilateral force before releasing the object to be 

transferred to the receiver in transfer and receiving phases.    

Analysis of the object handover pattern 

To obtain a better robot interaction design in object handover, human behaviour has been carefully analysed, and 

this will allow the HSR to mimic how the giver and receiver act while handling the object. It can be noted that all 

object movement and interactive force profiles throughout the handover process were strictly required to be 

normalized based on the average time of each task before further analysis. The results reveal that handover pattern 

can be interpreted as three distinct phases consisting of sending, transfer and receiving sessions. In the sending 

phase, the giver starts his/her hand movement by grasping the object and then moves naturally to the transfer area 

facing to the receiver.  

 

Figure 5. Minimum-jerk displacement, velocity and acceleration profiles 

According to the human characteristic behaviour during giving the object, careful observation of the object 

displacement profiles show that they were in agreement with the minimum jerk trajectory (MJT) model developed 

by Flash and Hogan (1985) [6]. The MJT model expresses mathematically how the human arm movement 

formulates in terms of estimating the multi-joint arm movement quality while performing the point-to-point 

motion. After undertaking the MATLAB model identification based on the curve fitting method, it found that the 

fifth-order polynomial equation for the minimum jerk trajectory (MJT) function detailed below is the best 

performance of each trajectory.  
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𝐽 = ∫ [(
𝑑3𝑥

𝑑𝑡3)
2

] 𝑑𝑡
𝑡𝑓

0
.     (11) 

The results presented that there were significantly unaffected by changing the object weights, and the average 

velocity profiles in all conditions accelerated at the beginning of the movement and when the object’s position 

approached close to the target demanded, the object then decelerated at the end of the trajectory. The average 

object displacement in the sending stage is approximately 0.35m (with Std. of 0.07m) over 𝑡 = 0.91 sec (with Std. 

of 0.11s). Thus, the criterion function determined from the point-to-point trajectory (𝑥) and its corresponding 

velocity (�̇�) and acceleration (�̈�) by initially assuming that the velocities and accelerations of the start and final 

points are zero can be expressed as the following equations and Fig. 5.  

𝑥(𝑡) = 3.36𝑡5 − 7.65𝑡4 + 4.64𝑡3     (12) 

�̇�(𝑡) = 16.8𝑡4 − 30.6𝑡3 + 13.92𝑡2     (13) 

�̈�(𝑡) = 67.2𝑡5 − 91.8𝑡4 + 27.84𝑡3     (14) 

Analysis of the location of the object transfer point 

According to the transfer session, we first analysed how the subject pair determine the location of the object 

transfer point, in which the hypothesis of the study is that the handover location is affected by the individual's 

height. According to the previous test, the giver behaviour was unaffected by changing the object masses in the 

object sending phase. This experiment, therefore, involves using a constant object mass of 0.550Kg only. The 

twenty participants are made up of males and females with heights between 160-180cm, whose heights and the 

lengths of arms were initially recorded before starting the tests. The human subjects were equally grouped into 

five clusters, in which each group has twelve sample sizes of getting a participant pair out of the four members. 

After the object is completely moved to a transfer point, the receiver is permitted to grasp the object. Once the 

human-to-human physical interaction happens, at this point the handover position is defined in terms of the x-y 

coordinates based on the giver’s reference point as depicted in Fig. 2(b). As the five repetition sets have been 

strategically suggested for each task, more accurate results were delivered as summarized in Tables 1(a)-(b).  

Table 1. One-way ANOVA results for comparing the means of displacements of the handover location across 

the groups. 

 

(a) Horizontal displacement 

 

(b) Vertical displacements 

For the comparison of the means of four sample groups, an appropriate method used to investigate the averages of 

more than two samples is the analysis of variance, which is popularly called ANOVA [7].  To counter any effects 

of the object transfer location, the displacements in x-and y-directions were statistically determined. Here a one-

way ANOVA technique was used to identify whether or not the individual's height affects the handover location. 

The hypothesis (H0) for the one-way ANOVA test is set as the means of all trial groups are equal. Contrastingly, 

the alternative hypothesis (H1) is defined that the means of all trial groups are not equal. R program software was 

employed along with the significance level of α = 0.05 to be adopted.  
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Due to the ANOVA results of Table 1(a), as the calculated significance value is 0.14 which is greater than 0.05, it 

is represented that the H0 was accepted. Then it can be confirmed that the mean (x-axis) displacements of the 

groups are equal at the 95% confidence interval. Contrastingly, Table 1(b) exhibits the significance value of 

5.6x10-10, which is too much less than 0.05 and it is represented that the H0 was rejected implying there were 

statistically significant differences among the mean displacements in the y-direction of the groups. Consequently, 

the next test analysis has been carried out, in which we further investigated the relationship between the giver’s 

and receiver’s heights (𝑥1 and𝑥2) affecting the handover location in the only y-direction (𝑦). Response Surface 

Methodology (RSM), which is a mathematical and statistical technique used to model and evaluate problematic 

issues in which the real physical relationships are not precisely known was adopted [9].  

A second-order response surface was implemented since it is useful and flexible in terms of functional forms. All 

unknown coefficient parameters (𝛽𝑖) can be simply solved using the least square method. The second-order model 

comprises of the first-order model, all quadratic terms (𝛽𝑖𝑖𝑥𝑖
2) and all cross-terms 𝛽𝑖𝑗𝑥𝑖𝑥𝑗. By assuming that 𝑥1and 

𝑥2 are giver’s and receiver’s heights and output 𝑦 is the transfer vertical displacement respectively, the functional 

equation can be formulated as in Equation (15). 

𝑦 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽11𝑥1
2 + 𝛽22𝑥2

2+𝛽12𝑥1𝑥2     (15) 

Table 2. Estimated regression coefficients and the one-way ANOVA results for the second-order polynomial 

equation. 

 

 

The analysis of variance of the response variables and regression coefficients using SPSS was carried out. The 

95% confidence interval (α = 0.05) was adopted, and the null hypothesis (H0) and the alternative hypothesis (H1) 

are as follows: 

H0:  There is no statistically significant relationship between the input variables and the dependent output 

variable 

H1:  At least one of the input variables significantly affects the dependent output variable. 

The coefficients of the second-order-polynomial equation can be estimated along with the proposed initial 

conditions as follows. It is assumed that the variance of the individual distribution has to be constant for all values 

of the independent variable and that the relationship between the dependent variable and each independent variable 

has to be linear. Using the SPSS to determine the coefficients of the second-order-polynomial equation gives the 

descriptive statistics shown in Table 2. 
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𝑦 = 8.23 + 0.243𝑥1 − 9.592𝑥2 − 1.626𝑥1
2 + 1.441𝑥2

2 + 3.189𝑥1𝑥2     (16) 

By applying the ANOVA technique to statistically evaluate the relationship between the system variables (𝑥1 

and𝑥2) and surface roughness (𝑦), the significance value was 0.00. It clearly indicates that the hypothesis H0 was 

rejected and H1 was accepted, i.e. at least one of the input variables significantly affected the dependent output at 

the 95% confidence interval. To decide whether an estimated regression model is acceptable or not, in this case, 

the computed the number of R2 is 0.830, which means that 83.0% of the output estimation is meaningfully related 

to the inputs. Subsequently, the proposed correlation between predicted and actual values is considered acceptable 

and confirmed the appropriateness of the equation. 

Analysis of the bilateral force in the object handover 

The transfer phase is where the object starts being transferred to the receiver. The direction of the net interactive 

force (𝑓𝑖𝑛𝑡
𝑥 ) depends on the sum of 𝑓𝑔

𝑥and𝑓𝑟
𝑥 explained in Equation (7), and 𝑓𝑖𝑛𝑡

𝑦
 can be computed using Equation 

(10). Consider the dynamic force analysis, attempting to describe the behavioural response of how the participant 

pair regulates their bilateral force before releasing the object to be transferred. The substantive results present that 

the giver agent was mainly in charge of the object handover timing and force regulation, or it can be implied that 

the amount of magnitude of threshold force (𝑓𝑡ℎ𝑠
𝑥 ) used to decide to release the object to be transferred was 

indicated by the handler. The observation of physical interactive force in both directions presents that the vertical 

interactive force (𝑓𝑖𝑛𝑡
𝑦

) variation was deemed to be a very small change which can be neglected. The average load 

transfer between the giver and receiver shows the linear relationship along the handover period and agrees with 

Equation (9).  

Table 3. Results of the average interactive force and transfer time against the several masses. 

 

Table 4. One-way ANOVA results for comparing the means of transfer time across the variable mass conditions. 

 

Contrastingly, the 𝑓𝑖𝑛𝑡
𝑥  outcomes under the various conditions give significant information. It is noted that all 𝑓𝑖𝑛𝑡

𝑥  

trajectories from each condition have been normalized and averaged based on the average time before being 

evaluated. The 𝑓𝑖𝑛𝑡
𝑥  trajectories indicate the characteristics of the human handler and receiver whilst performing 

the HHH task. Fig. 6 depicts an example of the average trajectory of the 𝑓𝑖𝑛𝑡
𝑥  under the 0.55Kg-mass scenario and 

it revealed the response behaviour of 𝑓𝑖𝑛𝑡
𝑥  and horizontal displacement during the handover process. The 𝑓𝑖𝑛𝑡

𝑥  

layouts both positive and negative space indicating compression and tension forces respectively, in which the 

(𝑓𝑖𝑛𝑡
𝑥 )𝑚𝑎𝑥 and (𝑓𝑖𝑛𝑡

𝑥 )𝑚𝑖𝑛  are defined as the maximum and minimum 𝑓𝑖𝑛𝑡
𝑥  over the total time period (𝑡𝑡𝑟𝑓) = 𝑡𝑝𝑜𝑠 +

𝑡𝑛𝑒𝑔. All results can be detailed in Table 3. The interactive force was significantly proportional to the object weight, 

in which the higher the total object mass, the greater the interactive force in the handover. Nevertheless, the transfer 

time 𝑡𝑡𝑟𝑓 was seemed to be significantly unaffected by the variable masses, whose ANOVA results (in Table 4) 

disclosed the significant level of 0.394. This indicated that there were no statistically significant differences among 

the means of the sample groups.  
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Figure 6. human-to-human object handover pattern. 

Therefore, to dynamically understand how the bilateral force behaves in the handover, the human hand behaviour, 

system identification was mathematically applied to figure out a human dynamic characteristic model of a giver. 

The autoregressive exogenous model (ARX), which is one of the most robust techniques in the parametric 

modelling of time series applied for studying complex dynamical systems, was selected. It is a powerful tool for 

polynomial estimations especially for high orders since this relies on intramural systems such as the transfer 

function of the deterministic and stochastic parts. The current observation output: �̅�(𝑘) is the sum of its past, and 

the system input is defined as 𝜇0(𝑘). The noise signal moderated into the plant is 𝑒(𝑘), and 𝐴(𝑞−1) and 𝐵(𝑞−1) 

denote polynomials with the backward shift operator 𝑞−1. The structural ARX model equation can be expressed 

as [8]: 

𝐴(𝑞−1) �̅�(𝑘) = 𝐵(𝑞−1) 𝜇0(𝑘) + 𝑒(𝑘),     (17) 

𝐴(𝑞−1) = 1 + 𝑎1𝑞−1 + ⋯ + 𝑎𝑛𝑞−𝑛,      (18) 

𝐵(𝑞−1) = 𝑏0 + 𝑏1𝑞−1 + ⋯ + 𝑏𝑛𝑞−𝑛.     (19) 

For augmentative noises, the 𝜇0(𝑘) and �̅�(𝑘) are assumed to participate with �̃�(𝑘) and �̃�(𝑘), hence the scales 

𝑢(𝑘) and 𝑦(𝑘) are written as follows: 

𝑢(𝑘) = 𝜇0(𝑘) + �̃�(𝑘)  (20) 

𝑦(𝑘) = �̅�(𝑘) + �̃�(𝑘). (21) 

MATLAB System Identification was executed to appropriately estimate the model unknown parameters by 

selecting a set of a polynomial of 𝑛𝑎 and 𝑛𝑏 in order to minimize the forecasting errors and to obtain the effective 

human model. The ARX model validation was successfully executed to verify the simulated model consisting of 

the percentage of best fit (R2), the mean sum of square error (MSE) and the final prediction error (FPE) as 

expressed in the following equations, where 𝑦  and �̂� are actual and calculated outputs, 𝑁 is a number of 

experimental data, and 𝑃 is several parameters (𝑛𝑎+ 𝑛𝑏+ 𝑛𝑐) respectively. 

𝑅2 = 100 × (1 −
∑ 𝜀2𝑁

𝑖=1

∑ (𝑦−�̂�)2𝑁
𝑖=1

) % ,      (22) 

𝑅2 = 100 × (1 −
∑ 𝜀2𝑁

𝑖=1

∑ (𝑦−�̂�)2𝑁
𝑖=1

) %,      (23) 

𝐹𝑃𝐸 =
1

𝑁
∑ (𝑦 − �̂�)2𝑁

𝑖=1 [
(1+

𝑃

𝑁
)

(1−
𝑃

𝑁
)
].     (24) 

The discrete-time ARMAX model was identified, and its results are given as: 

𝐴(𝑞−1) = 1 − 2.021𝑞−1 + 1.021𝑞−2, and     (25) 

𝐵(𝑞−1) = −27.64𝑞−1 + 27.65𝑞−2.     (26) 
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Figure 7. (a) Displacement (𝑢) and interactive force (𝑦) trajectories and (b) the comparison between the actual 

and estimated outcomes. 

Fit percentage to the estimated data (R2) is 99.95%, MSE of 1.6652x10-8 was achieved and FPE value is 1.69 x10-

8 respectively. The comparison between the actual and predicted values is illustrated in Fig. 7. Regarding the 

computing results of the ARX model, the giver’s hand transfer function (𝑇𝐹𝑔) during jointly working to gather 

with the receiver is as follows: 

𝑇𝐹𝑔 =
−2.63 × 10−4𝑆 + 5211

𝑆2 − 20.25𝑆 + 51.76
     (27) 

To sum up, according to the all test results and their evaluation, it can be therefore summarised that the handover 

process can be distinctively categorized into three phases, consisting of sending, transfer and receiving postures. 

The giver agent primarily decides to release the object to be transferred to the receiver who takes the responsibility 

of the object in the receiving session. The force analysis in the human-human interactive handover and the result 

discussions have been proposed. Additionally, the object transfer location has been identified. The handover 

displacement in the y-axis direction is statistically related to the heights of the human pair and unaffected by 

changing the object masses. The amount of the physical interactive force was significantly proportional to the 

object mass. Unlike, the transfer time doesn't rely on the changing of the object’s moment of inertia. Furthermore, 

to be more mathematically understanding in the human dynamic responses, the minimum jerk trajectory and 

autoregressive exogenous models have been strategically implemented.  

CONCLUSIONS 

This study has investigated the human characteristics of the haptic interaction in the substantive object handover 

tests under the variable weight conditions for the purpose of obtaining a conceptual guideline for a robotic human-

like control strategy in human-robot object handover. The paradigm findings present that human behavioural 

control strategy during the object handover process, which will contribute to successful design for a robotic 

behaviour-based approach in seamless human-robot handovers, and this will further allow the cooperative HSR to 

be able to pass the object to a human receiver as human-like dexterity with a smooth, reliable and timely natural 

manner.  
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